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Abstract 

This  report  summarizes  research  activities  at  the  Microwave  Laboratory, 
University  of  Texas  on  various  structures  for  millimeter-wave  and  submillimeter- 
wave  circuits  under  sponsorship  of  US  Army  Research  Office  Grant  DAAG29-78-G-0145 . 
The  topics  of  investigation  include  distributed  feedback  oscillators,  distributed 
gain  mechanisms,  trapped  image  guides  and  leaky  wave  antennas ,  monolithic 
detectors,  excitation  of  dielectric  waveguides,  printed  lines  and  printed 
radiating  structures.  A  list  of  publications  is  included. 


1.  Introduction 


In  the  past  several  years,  a  considerable  attention  has  been  paid  on 
the  millimeter-wave  devices,  components  and  systems.  It  is  preferable  to  use 
integrated  circuit  approaches  for  a  number  of  reasons.  The  integrated  circuit 
approaches  may  be  classified  into  two  broad  categories.  One  of  them  is  based 
on  the  printed  transmission  lines  and  another  on  dielectric  waveguides.  The 
former  is  an  extension  of  the  microwave  integrated  circuits.  As  the  frequency 
of  operation  is  increased,  the  structures  based  on  this  approach  become 
smaller  and  smaller  and  the  loss  associated  with  metal  conductors  will  increase. 
The  cost  of  fabrication  of  these  structures  will  increase  sharply  with  the 
frequency.  Presently,  many  impressive  results  have  been  obtained  for  the 
frequency  range  up  to  300  GHz  especially  in  the  area  of  low  noise  mixers.* 

On  the  other  hand,  the  dielectric  waveguide  techniques  are  millimeter- 
wave  replica  of  optical  integrated  circuits.  Components  made  by  this  technique 
can  be  much  larger  than  the  printed  line  counterparts.  Since  this  technique 
is  based  on  optical  principle,  the  performances  of  the  structures  are  more 
effective  as  the  frequency  of  operation  is  increased.  The  single  most  important 
problem  in  this  technique  is  the  radiation  loss  which  arises  at  any  discont inut ies 
and  bends.  This  problem  is  especially  taxing  when  an  active  device  is  being 
implemented.  Because  most  active  devices  are  made  for  waveguide  or  printed  line 
and  are  usually  small  as  compared  to  the  wavelength,  an  abrupt  junction  Is 
created  in  the  dielectric  waveguide.  Another  important  problem  is  the  inter¬ 
facing  of  dielectric  waveguides  with  printed  lines.  Needs  for  such  interfacing 
occur  when  KF  and  IF  frequency  signals  are  to  be  handled  and  when  a  bias  line 
is  to  be  implemented  for  a  solid  state  device. 
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In  this  report,  we  describe  several  topics,  studied  under  the  sponsorship 
of  the  Crant  DAA029-78-C-0 1 45 ,  which  address  themselves  to  better  utilization 
of  mi  1 1 imcter-wnvp  spectrum  hv  providing  analysis  and  design  ol  exist ing  ;is 
well  as  new  structures. 

2.  Dielectric  Waveguide  Structures 

In  this  chapter,  we  describe  several  innovative  structures  which  provide 
alternatives  to  existing  millimeter-wave  components.  The  basis  of  these  structur 
is  an  analysis  of  the  dielectric  waveguide  structure.  We  will  summarize  here  thi 
analysis  to  lay  the  foundation  for  discussion  of  dielectric  waveguide  components. 
Since  the  details  of  the  analysis  are  given  in  literature , ^ ^  only  the  key  step 
is  presented  here.  Fig.  1  is  the  cross  section  of  a  trapped  Image  guide.  (The 
detail  of  this  waveguide  will  be  given  later  in  this  chapter.)  When  c-**’,  we 
recover  a  conventional  image  guide.  It  is  known  that  E7  and  K  modes  can  pro¬ 
pagate  in  this  structure.  For  the  former  the  principal  electric  field  is  in  the 
y  direction.  We  will  apply  the  method  of  effective  dielectric  constant  for  the 
image  guide  (c-»cr). 

The  complete  field  components  in  this  waveguide  may  be  derived  from  two 
field  components: 

■> 

1  ">  o 

E  =  (h  -  '  ..  )/  (1) 

7  i  ;hx 

2  ^2  i, 

II  =  (r  -  f-r  ).f  (2) 

y  )x  - 

where  c  is  the  relative  dielectric  constant  in  each  constituent  region  in 
i 

c*  h 

Fig.  1,  v,  is  the  propagation  constant  and  if  and  if  are  two  scalar  potentials. 

For  EV  mode,  where  and  are  predominant,  we  neglect  by  letting  =0. 

Next,  we  obtain  the  effective  dielectric  constant  (FIX'.)  of  regions  1  and  2. 
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In  this  project,  we  used  an  inverted  strip  dielectric  (IS)  waveguide  rather 
than  an  image  guide.  This  is  because  the  former  permits  non-destructive 
measurement.  The  cross  section  of  the  IS  guide  is  shown  in  Fig.  4.  We 
create  a  notch-type  grating  in  the  dielectric  strip  (tj).  Then,  we  place  a 
slab  material  to  be  measured  with  unknown  on  toP  to  f°r®  a  guiding 

layer.  This  method  yielded  reasonably  accurate  answers  with  a  relatively 
simple  setup  and  an  efficient  numerical  inversion  algorithm. ^  The  details 
are  given  in  Appendix  2. 

2.3  Resonant  frequencies  of  a  dielectric  rectangular  cavity 

The  resonant  frequency  of  a  dielectric  cavity  made  of  a  truncated  rectangu¬ 
lar  dielectric  waveguide  has  been  analyzed  by  employing  the  open  circuit 
(magnetic  wall)  boundary  conditions  at  the  end  surfaces.  In  this  project,  we 
obtained  improved  data  on  the  resonant  frequency  by  imposing  a  more  realistic 
impedance  boundary  condition.  In  addition,  we  obtained  the  field  variation 
along  the  axial  direction  of  the  cavity.  The  results  are  believed  useful  lor 
millimeter-wave  integrated  circuit  design. ^ 

2.4  Trapped  image  guide 

In  this  project,  a  new  dielectric  waveguide  has  been  developed  in  which 

the  radiation  loss  at  bends  is  much  smaller  than  in  the  conventional  image 
3 

guides.  The  cross  section  of  the  new  waveguide  is  shown  in  Fig.  1.  The 
structure  consists  of  a  dielectric  rod  placed  in  a  metal  trough. 

In  integrated  circuit  applications,  the  image  guide  must  be  bent  in  the 
transverse  direction  so  as  to  accomplish  designated  functions.  The  image  guide 
has  an  inherent  radiation  loss  at  bends  as  the  electromagnetic  energy  escapes 
from  the  guide  as  a  propagating  wave  in  the  sideward  direction.  In  the  trapped 
image  guide,  such  a  leakage  is  mostly  reflected  back  to  the  dielectric  portion 
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Sure  4.  Cross  section  of  an  inverted  strip  dielectric  waveguide 


[ . 

I 


1 1 


by  the  metal  walls  if  their  height  h  in  Fig.  1  is  reasonably  large.  As  long 
as  the  waveguide  is  operated  in  the  single  mode  regions*  the  reflected  energy 
couples  to  the  guide  once  again. 

We  first  analyzed  the  propagation  characteristics  of  the  trapped  image 
guide  by  employing  the  effective  dielectric  constant  method  described  earlier. 
Next,  the  theoretical  results  have  been  compared  with  the  experimental  data  in 
the  Ka  band  region.  It  was  found  that  the  guide  may  be  designed  in  such  a  way 
that  the  propagation  characteristics  are  essentially  identical  to  those  of  the 
image  guide  over  most  of  the  single  mode  region.  However,  the  measurement  of 
the  radiation  loss  at  a  90°  bend  indicated  reduction  of  more  than  8  dB  from 
that  in  an  image  guide  setup. 

A  leaky-wave  antenna  was  also  created  by  using  the  trapped  image  guide. 
The  grating  was  created  with  narrow  metal  strips  placed  on  the  top  surface  of 
the  dielectric  rod.  The  main  beam  direction  is  given  by 


is  the  propagation  constant  of  the  n-th  space  harmonic.  Usually,  n  is  taken 
to  be  -1.  Since  the  main  beam  direction  is  a  function  of  frequency,  the  antenna 
is  f requency-scannable .  In  this  project,  we  obtained  the  scan  of  the  beam  from 
-55°  to  -10°  by  changing  the  frequency  from  about  30  GHz  to  40  GHz.  The  details 
are  given  in  Appendix  3. 

2.5  Directive  planar  excitation  of  image  guide 

Usually,  the  image  guide  and  other  dielectric  waveguides  are  excited  by  a 


tapered  section  inserted  into  a  waveguide  horn  designed  for  the  least  amount  of 
insertion  loss  and  reflection.  If,  however,  solid  state  devices  are  incorporated 


in  or  near  the  dielectric  waveguide,  the  entire  structure  is  more  correctly 
termed  as  an  integrated  circuit.  In  this  project,  we  investigated  a  novel 
structure  of  exciting  an  image  guide  from  a  planar  printed  network  in  which 
solid  state  devices  may  be  installed.  The  structure  consists  of  a  Yagi-Uda 
slot  array  created  in  the  ground  plane  of  the  image  guide.  In  this  way,  only 
one  slot  needs  to  be  excited  and  the  remaining  parasitic  slots  provide  direc¬ 
tivity  for  the  surface  wave  launched  in  the  image  guide.  The  length  of  the 
driving  slot  can  be  obtained  by  viewing  it  as  a  short-circuited  slot  line  and 
computing  its  dispersion  characteristics.  Design  of  slot  spacing  requires  the 
knowledge  of  the  guide  wavelength  Ag  of  the  image  guide.  This  is  obtained  by 
the  use  of  the  effective  dielectric  constant  method.  The  optimum  spacing  was 
experimentally  found  to  be  Ag/4. 

Experimental  investigations  revealed  that  the  f ront-to-back  ratios  of 
transmitted  power  into  the  image  guide  are  as  high  as  10  dB,  and  that  the  ratio 

9 

and  bandwidth  tend  to  increase  by  introducing  a  larger  number  of  director  slots. 
Appendix  4  describes  some  of  the  data  on  this  project.  Since  this  work  is  not 
completed,  it  will  be  carried  over  to  a  new  contract  period. 

2.6  Gain  enhancement  of  monolithic  millimeter-wave  antenna-detector 

Tn  this  project,  a  surface  wave  antenna  made  of  a  tapered  dielectric  rod 
is  attached  in  front  of  a  half-wave  dipole  slot.  A  beam  lead  detector  diode  is 
incorporated  in  a  planar  printed  line  which  feeds  the  slot  at  its  center.  Several 
different  dielectric  materials  have  been  used  for  the  substrate  of  the  planar 
circuit  and  the  rod  antenna.  The  experiments  have  been  conducted  at  60  OH*.  The 
planar  circuit  was  developed  by  the  standard  photo-etching  process.  Design  of 
the  dielectric  rods  was  based  on  single  mode  propagation  of  the  dielectric  wave¬ 
guide.  The  overall  length  of  the  rod  was  typically  1  to  5  free  space  wavelengths 


with  a  tapered  section  about  half  the  overall  length.  The  rod  was  attached 
to  the  slot  by  means  of  a  Low  loss  adhesive. 

The  radiation  patterns  of  the  structure  were  measured  both  with  or 
without  the  dielectric  rod.  It  was  found  that  use  of  rod  increases  the 
directivity  up  to  10  dB.  in  addition,  the  direction  of  the  main  beam  can  be 
controlled  into  either  the  metal  side  or  the  substrate  side  by  attaching  the 
rod  to  the  desired  side  of  the  planar  structure.  More  details  of  the  structure 
and  the  experimental  results^  are  found  in  Appendix  5. 


3.  Printed  Structures 

Printed  transmission  lines  are  still  widely  used  for  millimeter-wave 

integrated  circuits.  They  are  especially  well  suited  for  implementing  solid- 

state  devices.  In  addition,  these  lines  can  coexist  with  dielectric  waveguide. 

It  is  therefore  Important  to  know  characteristics  of  these  printed  structures 

accurately.  During  this  grant  period  we  developed  a  simple  but  accurate  method 

(spectral  domain  immi ttance  approach)  for  analyzing  these  structures  *  and 

applied  it  for  transmission  lines  like  microstrip  lines,  suspended  lines,  fin- 
12-15 

lines  and  others  as  well  as  for  printed  antennas. 

To  illustrate  the  method,  we  use  Fig.  5  which  shows  the  cross  section  of 
the  suspended  microstrip  line  with  tunable  scpturos.  (The  quasi-static  case 
for  this  structure  was  reported  in  Keference  12.)  The  first  step  is  to 
identify  that  from 
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all  the  field  components  are  superpositions  of  inhomogeneous  (in  y)  plant  waves 
propagating  in  the  direction  of  0  from  the  z  axis  where  0  =  cos  *(B/ ^  ^  +  B^  ). 


For  each  waves  may  be  decomposed  into  TM-to-y  and  TE-to-y  fields,  and  the 
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transverse  equivalent  networks  can  be  shown  as  in  Fig.  6  for  both  TM  and  TE 
components.  Relations  of  the  "voltage"  and  "current"  at  y=d+t  and  y=d  can  be 
readily  obtained  by  a  standard  transmission  line  analysis.  Combining  these 
quantitites,  we  can  get  the  relations  between  x  and  z  components  of  current 
and  field  at  y=d+t  and  y=d.  These  relations  are  nothing  out  Fourier  transforms 
of  tensor  C.reen's  functions.  We  can  then  apply  the  Calerkin's  method  for 
numerically  solving  the  eigenvalue  equation  for  the  structure.  The  details 
are  given  in  Appendix  6. 

Using  this  method,  we  analyzed  several  printed  transmission  line  structures. 
For  these  structures,  both  the  propagation  constants  and  the  characteristic 
impedances  have  been  computed. 

Microstrip  and  coplanar  transmission  lines  made  on  a  OaAs  substrate  which 
exhibits  negative  conductance  have  been  analyzed  and  compared  as  to  their  gain 
factors,  sensitivity,  etc.  For  this  study,  the  quasi-static  approximation  has 
been  used  so  that  the  computation  is  simple  and  yet  a  qualitative  information 
a  16 

is  preserved. 

Printed  circuit  antennas  have  been  of  interest  for  some  time.  We  recognize 
that,  as  the  operating  frequency  gets  higher,  the  radiating  characteristics 
become  more  complicated  because  of  the  existence  of  the  surface  wave  type  fields. 
We  adopted  the  spectral  domain  imroittanee  approach  to  printed  patch  structures. 
Development  of  the  f’.reen's  functions  is  formally  identical  to  the  one  discussed 
earlier.  The  eigenvalue  problem  is  solved  for  the  complex  resonant  frequency, 
the  imaginary  part  of  which  gives  the  radial  ion  <}.  The  tar  field  pattern  can  be 
readily  obtained  from  the  Fourier  transform  ol  the  aperture  field  which  in  turn 
can  be  derived  once  the  eigenvalue  equation  is  solved.*^ 

1  he  method  was  modified  to  analyze  a  circular  patch  radiating  structure. 


Ihe  procedure  is  essentially  identical  although  the  Hankei  transforms  need  to 


Transverse  equivalent  networks  Cor  TM  and  TK  fie] 


Figure  6. 


be  used  in  place  of  the  Fourier  transform  and  some  mathematical  manipulations 

are  different.  Once  again,  the  resonant  frequency,  radiation  Q  and  far  field 

1 8 

patterns  have  been  numerically  obtained.  The  results  agreed  well  with 
published  data.  Note  that  the  results  reported  in  References  17  and  18  are  for 
relatively  thin  structures  in  order  to  compare  the  present  results  with  those 
available  in  literature.  However,  as  the  operating  frequency  gets  higher  and 
the  substrate  becomes  electrically  thick,  the  present  method  is  quite  useful 
since  all  the  field  phenomena  are  included  in  the  solution  process  unlike  many 
other  methods. 

4.  Review  of  Dielectric  Waveguide  Techniques 

One  book  chapter  on  Dielectric  Waveguide  Type  Millimeter  Wave  Integrated 

Circuits  has  been  written  under  the  support  of  the  present  grant  and  is  being 

19 

printed  at  this  time.  An  invited  paper  on  dielectric  waveguide  techniques 
will  be  presented  at  1981  IEEE  MTT  International  Microwave  Symposium  in 
Los  Angel  es.^ 

5.  Conclusions 

In  this  report,  we  summarized  the  projects  carried  out  under  sponsorship 
of  DAAG29-78-G-OI45 .  Some  problems  included  in  this  report  will  be  investigated 
more  deeply  during  the  next  contract  period. 
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Distributed  Bragg  Reflection  Dielectric 
Waveguide  Oscillators 

BANG-SUP  SONG,  su  dim  mi-mbi  k.  ii  i  i  .  and  I  A  ISl '()  II  Of  I.  si  niok  mi  mbi-r,  ii  h 


Abstraet — Dielectric  waveguide  (lunn  oscillators  arc  presented  in  which 
the  cavity  consists  of  grating  structures  exhibiting  either  the  surface-wave 
stopband  or  the  leaky-wave  stopband.  Oscillation  conditions  and  design 
criteria  of  the  grating  structures  are  studied.  When  a  grating  exhibiting  the 
leaky-wave  stopband  is  used  in  the  oscillator,  the  extraction  of  the  output 
power  In  the  direction  perpendicular  to  the  dielectric  waveguide  axis  is 
possible.  This  b  because  such  a  grating  becomes  a  broadside-firing  leaky- 
ware  antenna  with  high  input  VSWR. 

I.  iMRODl  t  IION 

IN  THIS  PAPFR,  we  present  first  a  more  detailed 
study  of  a  distributed  Bragg  reflection  (DBR)  Gunn 
oscillator  developed  earlier  [!|.  Then  we  introduce  a  new 
DBR  oscillator  in  which  a  leaky-wave  antenna  is  in¬ 
tegrated.  These  oscillators  are  made  of  dielectric  wave¬ 
guides  and  are  believed  useful  for  millimeter  and 
microwave  integrated  circuits.  The  leakv-wave  antenna 
integrated  in  the  new  structure  is  broadside  firing.  In 
conventional  antenna  applications,  such  a  broadside  con¬ 
dition  is  avoided  due  to  its  high  VSWR  characteristics.  In 
the  present  work,  however,  this  high  VSWR  is  intention¬ 
ally  made  use  of  for  providing  a  frequency  dependent 
positive  feedback  to  the  gain  device  in  the  oscillator 
In  most  dielectric  waveguide  millimeter-wave  integrated 
circuits,  a  solid-state  oscillator  is  made  of  a  Gunn  or 
IV1PAIT  diode  implanted  in  a  rectangular  dielectric 
waveguide  cavity  [2|  In  such  a  structure,  the  I  rcsnel 
reflection  front  the  end  surfaces  of  the  resonator  provides 
feedback  to  the  active  device  and  leads  to  oscillation.  In 
the  recently  developed  original  version  of  the  DBR  Gunn 
oscillators  |1|.  however,  the  feedback  is  provided  bv  the 
so-called  surface-wave  stopband  phenomenon  of  the  grat¬ 
ing  structures  created  in  the  dielectric  waveguide  |3|.  As  is 
also  demonstrated  in  the  band-reject  filter  |4J,  the  surface 
wave  is  strongly  reflected  hack  from  the  grating  structure 
in  a  narrow  frequency  region.  Such  a  frequency  sensitive 
reflection  is  useful  for  realizing  a  high -Q  cavity  for  the 
oscillator  made  of  a  dielectric  waveguide.  In  prac¬ 
tice.  the  DBR  oscillator  resembles  the  DBR  GaAs  lasers 
developed  in  optics  ( 5 ).  |b] 

It  is  well  known  that  the  stopband  phenomenon  ap¬ 
pears  not  only  in  the  sunace  wave,  but  also  in  the  leakv- 
wave  regions  |7).  In  the  structures  described  in  this  paper, 
the  leaky-wave  stopband  as  well  as  the  surface-wave 
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stopband  is  used  for  providing  positive  feedback  leading 
to  oscillation  We  will  test  an  oscillator  in  wlmh  the 
grating  on  one  side  of  the  gam  device  provides  a  surface- 
wave  stopband  and  the  one  on  the  other  side  gives  a 
leaky-wave  stopband.  This  leakv-wave  structure  also  gives 
rise  to  the  broadside  radiation  which  facilitates  easy  out¬ 
put  power  extraction. 

II.  C)S(  II  |  AlOK  Dl  SK.N 

It  is  known  that  Gunn  devices  exhibit  negative  differen¬ 
tial  conductance  when  the  operating  frequence  is  an  in¬ 
tegral  multiple  of  transit  frequency  |8|.  |4|  Therefore,  the 
negative  conductance  and  the  positive  susceplance  of  the 
Gunn  device  peak  around  the  transit  frequency  l,~i  I  . 
where  f  is  the  average  electron  drift  velocity  and  /  is  the 
diode  length.  Since  the  electron  drift  velocity  depends  mi 
the  applied  field  1 10|.  however,  ii  is  possible  to  shift  the 
peak  of  the  negative  conductance  and  the  positive  suscep- 
tancc.  as  well  as  t heir  amplitudes,  by  vaiymg  the  bias 
voltage  until  the  oscillation  conditions  in  (la)  and  ( I  h)  arc 
satisfied.  These  oscillation  conditions  are 

It  (la) 

H,,+ H,  =0  (I  hi 

where  (/,  and  are  the  conductance  and  the  susccpt.ince 
of  the  diode,  and  (7,  and  rt  are  (he  conductance  and  the 
susceptance  external  to  ihe  diode.  Around  the  tiunsii 
frequency,  the  Gunn  device  can  be  represented  bs  an 
equivalent  circuit  consisting  of  a  negative  conductance 
(f»rf<.0)  in  shunt  willi  a  positive  susceplance  (/»,  Ul  i  I  1 1 
Therefore,  we  have  to  supply  the  diode  externally  with  a 
negative  susceptance  which  is  inductive  to  satisfy  ihc 
oscillation  condition  (lb) 

Although  various  types  ot  gratings  can  be  used 
mechanically  created  notch  type  periodic  grooves  in  the 
dielectric  waveguide  have  been  used  in  the  oscillators  I  . a 
the  surface-wave  stopband,  the  period  ol  grating  </  is 
chosen  such  that 

Re(/W)=ir  Cl 

where  fi  is  the  phase  constant  of  the  dielectric  waveguide 
with  gratings  /<  can  be  approximated  hv  the  following 
dispersion  relation  1 1 2 1 

cos/W  =  cos(  /l(i</)cos  IUiA‘1  u)j 

(  />' s , .  /<,.  +  Ii.,  IK,,  hint  /f,.u)sinj  /tv,,(i/  ■')  d 
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Fig  I  kd  fid  diagram  of  ihc  grating  structure.  <,—  10.  h  *  5.6  mm. 
d  -  1 1  0  mm.  a  -  5 .5  mm.  6  —  30  mm.  /  -  0.9  mm 
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where  f)G  and  fiS(t  are  the  phase  constants  in  the  grooved 
and  nongrooved  sections  of  the  waveguide,  respectively 
In  the  stopband,  (i  is  complex  due  to  mode  coupling 
between  the  forward  and  backward  waves.  When  we 
negleet  this  mode  coupling,  the  dispersion  curve  {kd  /id 
diagram)  will  look  like  the  one  shown  in  Fig.  I  Point 
.4(/<t/  =  i7)  corresponds  to  the  surface-wave  stopband 
where  strong  mode  oupling  occurs  between  the  two  space 
harmonics  and  /(  ,  (negative  ji  means  traveling 
backward).  All  of  these  space  harmonics  are  interrelated 
via 

IL  =  V «+-~.  "'  =  0.1.2.  (4) 


F.g  2  An  original  version  of  the  DBR  oscillator  structure .  «,  -  10. 
h  —  3.0  mm.  /-  16  5  mm.  d—  1 1 .0  mm.  a  -  5  5  mm.  *  6  mm.  /  *  0 
mm.  f,  -  16  0  mm.  t1  -  II  5  mm 


where  is  the  phase  constant  of  the  dominant  (m  =  0) 
space  harmonic. 

The  leaky-wave  stopband  is  created  at  /(<f=2rr  (Point  B 
in  Fig.  1)  by  the  interaction  between  the  space  harmonics 
/i0  and  -  f)  2  which  are  no  longer  surface  waves,  and  the 
radiation  peak  is  in  the  broadside  direction  normal  to  the 
waveguide  surface.  I  his  leaky-wave  stopband  gives  strong 
reflection  due  to  the  backward  space  harmonic  /<  , 
being  coupled  to  /<„.  which  results  in  high  VSWR. 

The  original  version  of  the  DBR  oscillator  employing  a 
surface-wave  stopband  can  be  implemented  as  in  Fig.  2 
by  placing  a  Gunn  device  in  a  small  vertical  hole  drilled 
in  a  dielectric  image  guide  1 1|.  The  ground  plane  is  used  as 
a  heat  sink  as  well  as  a  dc  bias  return  for  the  device.  The 
bias  is  supplied  through  a  thin  wire  connected  to  the 
positive  terminal  of  the  diode  The  equivalent  circuit  of 
the  DBR  Gunn  oscillator  in  Fig.  2  can  be  drawn  as  in  Fig. 
3(a)  (l|.  |2|,  where  Yd  is  the  equivalent  admittance  of  the 
diode,  and  Y,  are  the  input  admittances  looking  into 
the  two  grating  reflectors  on  both  sides  These  grating 
reflectors  are  capacitive  in  the  stopband  Thus  a  quarter- 
wave  transformer  is  introduced  between  the  diode  and  the 
reflector  to  provide  an  inductive  load  to  the  device  The 
resulting  simplified  equivalent  circuit  is  shown  in  Fig  3(b) 
and  I  ig  3(c)  when  we  have  made  use  of  the  following 
relations 


I  j  =  <  'j  +  /  N.i 


<M 


where  >,  is  the  total  equivalent  admittance  of  the  externel 


t  ig  }  bquivalenl  circuil  of  Ihc  DBR  nscillalm 


I  / 

V 


f  ig  4  Admittance  external  t<»  the  diode  in  the  I  ig  2  slrmiuic 


reflectors  The  variation  of  > ,  with  frequency  is  shown  in 
Fig  4  for  the  DBR  oscillator  in  Fig  2  I  he  conductance 
and  the  susceptance  peak  at  the  lower  edge  of  the  de¬ 
signed  stopband  Fven  though  we  cannot  determine  ev 
actly  the  values  of  ((j  and  H,  of  the  ( iunn  device.  <>,  and 
/?,  can  be  controlled  up  to  a  few  milhnihos  be  the  exteiuel 
bias  voltage  as  mentioned  earlier  in  this  section  Another 
important  factor  which  cannot  be  neglected  is  the  shun: 
capacitance  and  the  series  inductance  of  the  commeni.il 
diode  packaging  which  are  approximately  in  the  tangc  of 
a  few  tenths  of  a  picofarad  or  nanohenry,  respectively  \i 
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Fig.  5  Structure  of  a  new  DBR  oscillator  with  a  built-in  leaky-wave 
antenna:  N  —  10,  «,  —  10,  /“  22  0  mm.  </«  1 1  0  mm.  u  -4  0  mm,  »  - 
6  0  mm.  r  —  0 9  mm.  A  —  3  0  mm.  / ,  —  1 2  0  mm.  /2  «4  0  mm.  f ,  —  19  0 
nun 
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Fig  6  Detailed  kd  lid  diagram  around  the  point  A  in  tig  I 


10  GHz.  these  correspond  to  10~40  mho.  Therefore, 
when  we  consider  this  effect,  oscillations  are  likely  to 
occur  in  the  lower  half  of  the  stopband  where  the  admit¬ 
tance  peak  is  located.  So  it  is  better  to  design  the  center 
frequency  of  the  stopband  a  little  higher  than  the  desired 
operating  frequency. 

The  new  DBR  oscillator  using  the  high  VSWR  leaky- 
wave  stopband  is  shown  in  Fig.  5.  In  this  structure,  the 
left-hand  side  of  the  Gunn  diode  provides  a  dual  function. 
It  provides  the  reflection  for  oscillation  as  well  as  the 
broadside  radiation  for  the  antenna.  The  period  of  grating 
on  the  left  is  about  two  times  that  of  the  surface-wave 
structure  on  the  right,  viz..  Re (  /id )  s  2v  on  the  left-hand 
side  and  Re(/f</)  —  w  on  the  right.  The  radiation  angle 
from  the  leaky-wave  structure  can  be  determined  by  (4), 
1 13| 


0  =  *  sin 


Ref  /V  ,) 

A 


(6) 


where  9  is  the  angle  measured  from  the  direction  normal 
to  the  surface  and  A  is  the  free-spaee  wavenumber.  At  the 
leaky-wave  stopband  (Point  fi).  Re( /)</)*  2r  which 
means  a  radiation  angle  of  0*0  (broadside).  I  his  angle 
vanes  slightly  depending  on  the  oscillation  frequency 
The  reflection  phenomenon  due  to  the  stopband  is 
frequency  sensitive,  and  the  bandwidth  and  reflection 
depend  on  the  grating  profile,  the  length  of  the  grating 
region,  etc.  In  this  work,  bandwidth  has  been  made  wide 
(I  GHz)  so  that  the  oscillation  can  be  easily  attained. 

III.  R i  st  i  is  sm)  Dim  i  ssiiins 


Although  we  can  provide  the  design  at  much  higher 
millimeter-wave  frequencies,  we  have  selected  A  hand  for 
design  and  demonstration  I h is  is  due  to  better  availabil¬ 
ity  of  measurement  equipment  and  greater  ease  of  experi¬ 
mental  procedures  After  the  feasibility  of  our  new 
concepts  is  demonstrated,  we  can  go  to  higher  frequencies 
in  the  future 

The  dielectric  waveguides  are  made  of  a  synthetic  di 
electric  material.  Custom  Hik  ( « ,  —  ID)  I  he  numbet  of 
grating  elements  can  be  determined  b\  the  required  mag 
nitude  of  the  feedback  We  can  calculate  the  amount  of 
feedback  from  (A),  and  the  imaginary  part  of  /(  plotted  in 
Fig  6  explains  the  feedback  mechanism  m  the  stopband 
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Fig.  7  Reflection  coefficient  of  5-  and  2-elemcnt  gratings  in  dielectric 
waveguide  in  Fig  2 


13].  151.  |6|.  I  ig.  7  shows  the  surface- wave  reflection  coef¬ 
ficients  of  a  5-  and  2-elenient  notch-type  grating  on  the 
dielectric  waveguides.  Groove  depth  and  grating  period 
are  adjusted  so  as  to  give  a  10-GH/  center  frequency  and 
a  l-GHz  bandwidth.  Ihe  reflection  coefficient  at  10  GHz 
is  found  to  be  0.95  in  the  5-element  grating,  but  in  the 
2-element  grating,  the  reflection  coefficient  at  10  (ill/ 
reduces  to  0.63.  The  latter  may  be  useful  for  the  output 
port  of  the  original  DBR  oscillator  shown  in  Fig.  2  in 
which  the  far  end  of  each  grating  is  tapered  to  avoid 
unwanted  end  reflection  Fven  though  we  design  Ihe 
stopband  which  spans  from  9.5  to  10.5  GHz.  oscillation 
frequencies  will  be  lower  (han  the  10-GH/  center 
frequency  as  mentioned  in  Section  II  Oscillation 
frequencies  and  power  output  were  observed  bv  varying 
the  bias  voltage  of  the  Gunn  device  in  the  DBR  oscillator 
shown  in  Figs  2  and  5  Ihe  results  are  plotted  in  Figs  K 
and  9  Oscillation  frequencies  measured  were  predomi¬ 
nantly  in  the  lower  half  of  the  stopband  <9.5  —  10,0  (tIG) 
Ihe  powei  was  measured  by  receiving  Ihe  radiation  from 
une  end  of  the  resonator 

In  ihe  new  DBR  oscillator  with  a  built-in  leaky-wave 
antenna,  with  bias  voltage  of  7  V.  the  resonant  frequency 
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Fig.  8  Measured  oscillation  charactcnstics  of  the  oscillator  in  Fig  2 
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Fig.  9.  Measured  oscillation  charactcnstics  of  the  oscillator  in  Fig  5. 


Fig  10  Broadside  radiation  pattern  from  the  DBR  oscillator  in  Fig  5 


was  observed  around  9.995  GHz.  and  the  measured 
broadside  radiation  is  shown  in  Pig.  10.  When  measuring 
the  radiation  pattern,  the  radiation  from  the  diode  was 
properly  shielded 


ll  is  oonicctuicd  ihal  the  spin  of  the  main  lobe  is  caused 
by  several  factors  One  is  the  poor  spectral  purity  which  is 
not  an  inherent  phenomenon  of  this  type  of  oscillatoi  but 
is  rather  due  to  our  intentional  broad-band  design  of  (he 
cavity  Another  is  the  strong  mode  coupling  between  the 
forward  and  backward  space  harmonics  in  the  leaks  wave 
region  which  have  different  radiation  angles 

I V  ( iisi  i  i  si<  iss 

We  have  presented  studies  of  DBR  Gunn  oscillators 
with  surface-wave  and  leaky-wave  stopbands  and  some- 
results  for  these  oscillator  structures.  The  structure  is 
believed  to  give  versatility  in  designing  millimeter  wave- 
integrated  circuits  f  urther  works  need  to  be  earned  out 
to  obtain  spectral  puritv  and  better  frequence  control 
especially  for  the  structures  with  an  integrated  leaky-wave 
antenna.  It  is  possible  to  design  grating  structures  with  a 
much  narrower  bandwidth  for  more  stable  oscillation  In 
designing  the  oscillator,  it  is  advisable  to  place  the  operat¬ 
ing  frequency  in  the  lower  half  of  the  stopband.  It  is  also 
required  to  insert  quarter-wave  transformer  between  the 
device  and  the  grating  reflector  Mechanical  perturbation 
may  be  incorporated  fot  adjusting  the  device  impedance 
for  possible  tuning  of  frequency  and/or  power 
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Application  of  Inverted  Strip  Dielectric 
Waveguides  for  Measurement  of  the 
Dielectric  Constant  of  Low-Loss  Materials 
at  Millimeter-Wave  Frequencies 
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Abstract — An  entirely  new  method  for  measuring  dielectric  properties 
of  slab- type  materials  is  developed  by  using  a  novel  dielectric  waveguide 
structure  originally  designed  for  millimeter -wave  integrated  circuits.  live 
method  entails  the  measurement  of  the  stopband  of  the  grating  structure 
created  In  the  dielectric  waveguide.  Several  examples  of  measurement 
results  are  reported. 

I  Imrudi  <  nos 

II  H  im.rc.iMnu  use  of  dielectric  resonators  1 1 1.  di¬ 
electric  waveguides  |2|,  and  printed  transmission 
lines  at  higher  frequencies,  simple  methods  for  accuralelv 
predicting  Ihe  piopeities  of  dielectric'  materials  become 
verv  important  I  here  are  cuirentk  a  numhci  of  methods 
available  for  measuring  dielectric  properties  of  material 
media  at  microwave  and  millimeter-wave  frequencies 
One  tvpical  method  is  (he  use  of  waveguides  or  waveguide 
cavities,  which  are  either  partialk  or  completelv  filled 
with  dielectric  malciuls  to  be  measuied  |f|  Cavities  made 
of  striplines  m  miciostrip  lines  have  also  been  used  |4|.  | A | 
In  fiec-sp.uc  env iionmeiit.  scattemig  ol  elec  tiomagnctic 
energv  from  a  dielec  trie  spheie  can  be  used  lor  evaluating 
the  diclectiic  propertv  ol  the  .pheie  |<i| 

Ihe  p.tpei  proposes  a  novel  approach  to  measurement 
of  dielectric  constants  of  low-loss  slab  matenak  ,11  micro- 
wave  and  millimeter  wave  frequencies  Ihe  method  makes 
use  of  stopband  phenomena  observed  m  periodic  struc¬ 
tures  created  in  an  inserted  Mrip  dielectric  (IM  waveguide 
developed  rctcnllv  |7|  Ihe  principle  of  (lie  nieasurement 
process  will  be  explained  in  Ihe  following  papei 

1 1  Prim  iim  i  hi  \1i  ssi  ri  mi  s  i 

Ihe  cross  section  of  the  IS  waveguide  is  shown  in  I  ig 
llal  Ihe  major  portion  ol  the  wave  energv  p.opngnlcs  in 
that  portion  of  the  guiding  laser  immediatek  above  Ihe 
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I  ig  l  I  xjvei in. ent.il  setup  (at  (  ross  seditin  ibi  Side  and  top  views 

dielectric  stop  |2|  When  pciiodic  grooves  are  uealed  in 
the  stop  as  sh-  >w  n  m  I  ig  1(b)  (he  propag.il a >n  c  h.ii.u  (ei 
(s(ic  of  (lie  IS  waveguide  is  pci  iodic.dk  uiodul.ued  and  a 
gi.iliug  sliuclnie  is  vie. iled  llependmg  on  (he  clvdtic.il 
length  of  me  grating  period  i!  ihe  stiuctuie  w.  iks  eiilni 
-is  a  leaks  -wave  antenna  01  a  band-reiec  I  fillet  |  | 

Although  ihe  antenna  scheme  mav  be  used  it  is  n< <t  ,0 
practical  as  the  filler  siiuctuie  as  the  field  measuienienl  is 
required  Hence,  we  will  use  the  filler  inclin'd  in  llus 
paper  Ihe  frequence  response  of  the  Idler  is  a  lundioii  <■( 
all  the  dimensions  of  tlu  IS  waveguide,  the  grating  period 
profile  of  ihe  .mating,  and  ihe  dielecltiv  constants  ol  the 
materials  involved  Hence,  if  one  measures  the  Irequcncv 
response  of  Ihe  filtei.  the  dielectric  constant  of  one  of  the 
materials  mav  be  dclci  mined  piovided  all  othci  p.iiame 
lers  are  known 

If  we  use  a  bandslop  Idler  scheme  il  is  possible  to  IiihI 
out  the  dielectric  constant  ot  mie  of  the  maictiak  in  die 
waveguide  bv  simple  measuring  the  Irequcncv  iclated  to 
the  stopband,  such  as  the  center  ficqucncv  die  lowci 
band  edge,  or  ills  uppci  hand  edge 

In  Ihe  pioposed  me asuiemenl  setup  we  use  ,1  slab 
material  with  unknown  diclcclnc  const. ml  as  the  guiding 
laver  ol  the  IS  waveguide  Ills'  pciiodic  grooves  aie 
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kig  2  Ivpical  scseep  tcspcrnsc  (rom  the  grating  structure  2U  mV  do 
IJ4  IX  (ill/ 

created  .is  shown  m  I  ig.  I  in  ihc  dielectric  strip  winch  lus 
a  know  n  dielectric  constant.  When  we  excite  tins  structure 
with  a  sweep  source  a  strong  reflection  is  observed  at  the 
stopband,  provided  the  frequence  range  of  the  sweepei 
covers  the  stopband.  A  tv  pica  I  response  from  an  IS  wave¬ 
guide  with  periodic  grooves  in  its  dielectric  strip  is  shown 
in  f  ig  2 

l  et  us  now  discuss  the  algorithm  to  obtain  the  dielectric 
constant  from  the  measured  data,  hirst,  if  we  assume  that 
the  dielectric  con  ant  t ,  of  the  guiding  laser  is  known,  the 
center  frequenev  r  of  the  stopband  is  given  bv 

'  -  /  (  h,. n  .J.ti.h.t  ,1  (  1 1 

where  /»,.  «.  .inv!  *(  are  the  thickness,  width,  and  dielectric 
constant  of  the  dielectric  strip,  h.  is  the  thickness  of  (he 
guiding  Liver,  and  1/  is  the  grating  period  Also,  <1  and  A 
are  the  length  and  the  depth  of  the  giooves,  h  indicates 
that  r  is  .1  function  of  all  the  parameters  in  the  parenthe¬ 
ses  No  closed  form  of  /  is  available  However,  values  of 
f  are  given  numeric  allv .  as  explained  in  the  Appendix 

Our  problem  at  hand  is  to  solve  tl|  for  <,,  that  is.  to 
obtain 

i  -  /  ' I  h ,  .h  ,.< , . « .  1/.  it.  />.  I  I  ( 2 ) 

Since  there  is  no  closed  bum  expression  loi  (I).  its  inver¬ 
sion  (2)  does  not  have  an  .1nalvt1c.il  form  eilliei  However, 
we  m.iv  use  either  a  graphical  method  or  a  computer-opti¬ 
mization  technique  to  accomplish  the  solution  for  < ,.  In 
the  graphical  method,  a  numbei  of  curves  for  I  census  <, 
are  generated  numeric  allv  from  (I)  lor  .1  number  ot  struc¬ 
tural  parameters  I  samples  of  curves  are  piesentcd  in  I  ig 
f  Once  these  curves  are  available  it  is  possible  to  obtain 
«.  graphic. ills  from  (tie  measured  value  of  t  for  a  corre¬ 
sponding  set  of  structural  parameters  l  ot  structures  not 
provided  with  cuivc's  some  interpolation  pioccdures  mav 
be  used 

<  omputcr-optimi/.iium  techniques,  though  more  time 
consuming,  genet. iil\  piocide  inoie  accurate  answers  than 
the  graphical  method  In  such  .1  method,  a  subroutine  to 
perform  riumeru.il  solutions  o!  ill  is  used  lepeatedlv  for 
an  assumed  c.iluc  ol  <  mild  the  computed  value  of  I 
becomes  vutu.illv  identical  lo  the  measured  r  I  his  itera 
lion  sc  heme  is  1  air  ied  nil  m  .1  sv  sterna  lie  m.  inner  and  the 
final  assumed  value  o|  <  i>  considered  is  that  of  the 
unknown  m.ileiial 
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III  Mi  vst  ki  vn  m  I’koc  1  in  hi  s 

I  he  IS  waveguide  with  grating  sections  can  be  assent 
bled  from  .1  large  ground  plane,  a  rectangulai  cl ic ice  1 1 1  c 
strip  (»,)  with  periodic  giooves.  and  a  slab  material  to  be 
measured  which  is  used  as  the  guiding  lavei  ll  is  helplul 
in  practice  if  the  period  ol  giooves  is  determined  in  suc  h  .1 
wav  that  the  stopband  appeals  in  the  frequency  i.iiiee 
where  the  field  is  well  guided  in  the  IS  waveguide  with  the 
guiding  lavei  made  of  a  commonly  used  material  such  is 
fused  quart/'  I  ,ich  component  is  sccuiclv  positioned  bv 
mechanical  pressure  between  the  guiding  Liver  and  the 
ground  plane  bv  means  ol  damps  located  aw.n  fiom  tlu 
waeeguidmg  portion  Since  any  an  gap  between  diclceliu 
materials  themselves  and  the  ground  plane  may  be  .1 
potential  souicc  of  ciioi  in  the  final  results  smooth  c 1 1 
electric  suil.isc's  and  idulivdv  strong  mcdiaim.il  picssim 
are  essential  In  ordei  to  excite  the  IS  waxeguide  assemblx 
efficiently  and  to  icsolve  the  stopband  dc.ulv  .1  good 
transition  from  the  conventional  icvtuugului  metal  wave 
guide  to  the  assembly  is  nnpoitaiit  We  have  .Himr 
plishevl  this  requirerneiit  bv  (lie  use  of  .1  lapeied  lecl.uieu 
Iar  dielectiii  waveguide  Ihc  pointed  end  o|  the  tapeied 
structure  is  inserted  into  the  recl.ingul.ii  metal  w  iveguidc 
which  is  connected  to  .1  nmiowave  sweep  souicc  bv  wav 
of  a  ref  lev  lometei  setup  Ihc  olhei  cud  ol  die  'upend 
section  is  flat  and  butt  lointed  to  the  end  suitace  ol  1  In 
slab  mateii.il  nniiiedi.ildv  alcove  the  dielectiK  stii|’<(|i 
Ihc  nicusuiemcnl  piocedme  is  as  follows  li  |  imi 
obtain  a  sweep  response  which  is  the  ratio  ot  the  input 
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power  (o  and  (he  reflected  power  from  the  IS  waveguide 
assemble  I  he  range  of  sweep  is  adjusted  until  the  stop- 
hand  appears.  Read  the  center  frequency  (  of  the  stop- 
band.  Measure  all  the  pertinent  physical  dimensions  in- 
solved.  2)  By  using  either  a  graphical  method  or  a  com¬ 
puter-optimization  algorithm  explained  earlier,  obtain  the 
dielectric  constant  e,  of  the  unknown  slab  material. 

I\  Rrst  l  is  ami  Disc  t  ssiovs 

lo  demonstrate  the  sahdits  of  the  method,  several 
measurements  have  been  performed  in  the  frequence 
range  up  to  IS  (ill/  Although  there  is  no  inherent  limit  in 
frequence,  we  could  not  use  any  higher  frequence  due  to 
unavailability  of  sweeper  sources  higher  than  IS  (ill/ 
T  samples  of  measured  results  are  listed  in  I  able  I  ll  is 
seen  that  the  results  obtained  in  the  present  method  are 
quite  accurate  Note  that  for  these  examples  we  used  a 
computer-optimization  algorithm  for  inversion  of  ( I ) 

We  will  now  summarize  some  of  the  features  of  the 
present  method 

1)  Since  the  quantity  to  be  measured  is  the  frequence, 
the  error  involved  in  the  measurement  process  itself  is 
small 

2)  I  he  method  is  simple  to  use  and  the  material  to  he 
measured  can  be  easily  replaced  in  the  setup  since  the  IS 
waveguide  assembly,  including  the  grating  section,  is  held 
in  position  by  applying  the  mechanical  pressure  between 
the  guiding  layer  (unknown  material)  and  the  ground 
plane  be  means  of  clamps  at  the  location  awas  from  the 
wasegutding  portion. 

2)  I  he  dissipation  factor  cannot  be  measured  in  the 
present  setup.  If  the  attenuation  due  to  the  material  lose 
can  be  isolated,  such  a  factor  could  be  measured  How¬ 
ever.  in  most  open  structures,  it  is  extremely  difficult  to 
separate  the  radiation  loss  and  material  loss 

4i  I  he  accuracy  of  the  methods  depends  on  the  inver 
sion  scheme  of  the  measured  data  I  or  instance,  both,  the 
method  to  obtain  /(, ,  and  /fN(i  and  the  one  for  /(  be  using 
(Al)  are  approximate,  although  ihee  are  usualls  quite 
accurate  foi  the  tspes  of  structures  used  here  Another 
problem  is  the  convergence  of  the  optimization  routine 
Sometimes,  the  convergence  could  be  slow  and  one  max 
be  advised  that  the  use  of  graphical  method  to  obtain 
initial  value  in  the  optimization  routine  could  be  helpful 
the  method  proposed  here  does  not  replace  other  exist 
mg  methods  in  mans  of  which  both  real  and  imagmuts 
parts  can  be  measured  Rather,  the  present  method  pro 
sides  a  simple  alternative  when  onlv  the  real  pails  of 
dielectric  constants  in  low  loss  materials  are  needed 


V  ( ilSl  i  I  SKINS 

We  proposed  a  simple  method  for  measuring  the  dielcc 
trie  constant  of  slab-tspe  materials  for  miciowuvc  and 
millimeter-wave  applications.  A  number  of  features  ol  the 
method  are  listed  as  well  as  results  of  sonic  example 
measurements.  I  he  latter  agreed  well  with  data  supplied 
by  manufacturers. 

A  i*t*i  ndix 

1)1  RIV  V  1  ION  Ol  hot  A  I  ION  (  |  ) 

Although  a  more  exact  analvsis  rn.iv  be  done,  we  pie- 
sent  here  a  simple  method  to  obtain  the  dispersion  tela 
tion  in  the  grating  section  in  the  IS  waveguide  operated  in 
the  surface-wave  region.  We  will  model  the  grating  section 
as  periodically  cascaded  transmission  line.  I  he  complex 
phase  constant  /(  can  be  approximated  in  a  mannci  sum 
lar  to  the  one  found  in  [8|  bach  unit  cell  of  the  grating 
consists  of  two  transmission  lines;  the  grooved  section  of 
length  ii  and  the  nongrooved  section  ol  length  ( it  n)  In 
this  analysis,  any  junction  susceptance  between  these  two 
transmission  lines  will  be  neglected. 

We  will  write  the  I H(  l>  matrix  for  each  transmission 
line  section,  and  subsequently  obtain  the  A  He  />  matrix 
for  the  unit  cell.  Since  the  input  and  output  signals  of  the 
unit  cell  differs  onlv  be  a  ceilam  complex  phase  /I.  we 
obtain  an  eigenvalue  equation  for  /(.  which  is 

cos /UI  =  cost  l<  a  tcosj  /(N,,(</  <r  1 1  ><  r(s<.  '  ft, +  i\.  ' 4  <  v.  I 

suit  /i,  u )  sin  11^,  hi  ui  (Mi 

where  /(,,  and  /fv>  aie  the  phase  constants  in  the  ciooved 
arid  nongrooved  sections  ol  the  IS  waveguide  In  the 
stopband  /hi  =  ~  /<»</.  where  a  is  the  attenuate  m  c»  net  a  nr 

caused  by  the  mode  coupling  between  space  hutnionus 
The  center  frequency  f  is  where  <1  becomes  a  maximum 

The  phase  constants  /fNti  and  /T, _  can  be  obtained  be 
solving  the  eigenvalue  problems  associated  with  the  IS 
waveguides  with  or  without  a  gap  between  the  guiding 
layer  («2)  and  the  dielectric  strip  <«,)  I  he  details  of  the 
derivation  of  /t%(i  are  given  in  |2]  lo  obtain  /I,  .  we  need 
to  modify  the  method  in  |2)  so  that  the  an  region  between 
the  guiding  laser  and  the  dielectric  strip  is  taken  ap¬ 
propriately  into  account  We  need  lo  moclifv  eq  (fl  in  |2| 
and  write  an  expression  for  the  air-gap  region  Ohxmuxlv 
the  effective  dielectric  constant  in  such  a  region  is  dillei 
ent  from  the  no-air-gup  portion  and.  hence,  eqs  (4)  and 
(5)  in  |2)  should  be  modified  However,  all  the  remaining 
procedures  in  |2|  remain  unchanged  for  derivation  of  /j(  . 

I  he  center  frequence  '  c.ui  be  computed  in  the  follow 
mg  manner  I  list  lot  a  given  set  ol  stun  tuial  and  material 
parameters,  wc  compute  /(^,  and  /llt  versus  Ircquericies 
I  hen  (Al)  is  solved  for  /f.  ami  we  obtain  t  at  which  <t 
becomes  maximum 
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Trapped  Image  Guide  for  Millimeter-Wave 

Circuits 
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Abstract — A  novel  dielectric  waveguide  Is  proposed  (or  use  In  millime¬ 
ter-nave  integrated  circuits,  and  a  simple  analysis  (or  dispersion  diameter 
Istics  b  developed.  Numerical  results  agree  reasonably  with  measured  data. 
Radiation  losses  of  this  waveguide  at  curved  sections  are  proven  to  be 
considerably  less  than  those  of  the  Image  guide.  As  an  application  at  this 
waveguide,  a  leahy-wave  radiator  has  been  tested. 


1.  Introduction 

ECENTLY,  a  number  of  works  have  been  reported 
on  millimeter-wave  integrated  circuits  based  on  di¬ 
electric  waveguides  |l),  (2).  In  addition  to  image  guide 
structures,  several  new  waveguides  have  been  proposed 
and  tested  [1],  [3],  |4).  An  inherent  problem  of  dielectric 
waveguides  is  the  loss  due  to  radiation  at  curved  sections, 
junctions  and  discontinuities.  This  problem  may  be  allevi¬ 
ated  by  the  use  of  materials  with  high  permittivities. 
However,  use  of  such  materials  is  often  prohibited  due  to 
operating  frequencies,  sizes,  and  so  on. 

This  paper  proposes  a  new  type  of  open  dielectric 
waveguide  which  reduces  the  radiation  loss  at  curved 
sections  in  dielectric  integrated  circuits.  The  structure  is 
called  a  trapped  image  guide  and  is  essentially  a  rectangu¬ 
lar  dielecnc  rod  placed  in  a  metal  trough.  The  cross 
section  of  the  trapped  image  guide  is  depicted  in  Fig.  1.  In 
integrated  circuit  applications,  almost  all  the  bends  are  in 
the  sideward  direction.  In  ordinary  image  guides,  the 
electromagnetic  energy  escapes  from  the  guide  as  a  propa¬ 
gating  wave  in  the  sideward  direction  at  the  bend.  In  the 
trapped  image  guide,  such  a  leakage  will  be  mostly  re¬ 
flected  back  to  the  dielectric  portion  by  the  metal  walls  if 
their  height  (the  depth  of  the  trough)  h  is  reasonably  large. 
As  long  as  the  waveguide  is  operated  in  the  single  mode 
region,  the  reflected  energy  will  couple  to  the  guided 
mode  once  again.  Of  course,  an  excessively  large  h  is  not 
very  practical  in  actual  integrated  circuit  applications.  The 
trough  may  be  readily  created  by  machining  a  metal  plate. 
An  alternative  is  to  machine  a  trough  in  a  dielectric 
material  followed  by  a  metal  plating. 

Actual  Ka- band  (26.5  40  GHz)  test  setups  of  straight 
and  curved  sections  of  trapped  image  guide  are  photo¬ 
graphed  in  Fig.  2.  In  these  setups,  instead  of  a  machined 
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Fig  I  Cross  section  of  the  trapped  image  guide 


(b) 

Fig,  2.  Trapped  image  guide  structures 


trough,  wc  added  metal  side  walls  to  the  ground  plane  for 
an  image  guide  Metal  side  walls  to  create  the  trough  may 
be  removed  when  an  image  guide  setup  is  desired.  Two 
transitions  are  provided  for  connecting  the  setups  to  con 
ventional  rectangular  metal  waveguides  Each  of  these 
transitions  includes  a  semiconical  horn  originally  designed 
for  image  guides  (Fig.  2  without  side  walls)  and  tapers  on 
the  metal  side  walls  to  provide  smooth  transition  to  the 
trapped  image  guide.  In  what  follows,  we  provide  an 
approximate  theoretical  analysis  of  waveguidmg  char- 
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acteristics  m  the  napped  image  and  tile  results  are  com¬ 
pared  with  experimental  data.  Some  experimental  investi¬ 
gations  on  the  radiation  loss  characteristics  at  the  bend 
are  reported  An  application  of  this  waveguide  as  a 
frequencv-scannahle  leaks -wave  radiator  is  included 


II  Anmvsisoi  iiii  Propagaiion 
(  harm  ti  Ktstn  s 


I  he  complete  field  components  in  the  straight  section 
of  this  waveguide  may  be  derived  from  two  field  compo¬ 


nents 


t,<y) 


(1) 


//,  = 


(2) 


where  t,  is  the  relative  dielectric  constant  in  each  con¬ 
stituent  region  in  big.  1.  /(  is  the  propagation  constant, 
and  and  <>*  are  two  scalar  potentials.  Since  the  structure 
is  vers  similar  to  the  image  guide,  we  classify  guided 
modes  into  £'  and  E '  types.  In  the  former  and  H ,  are 
predominant  field  components  and  we  neglect  Hy  by 
setting  <t>1'  =0.  Next,  we  assume  that  the  metal  wall  height 
h  is  reasonably  large  and  the  electromagnetic  wave  is 
reasonably  well  guided.  Then,  it  is  possible  to  neglect  the 
fields  in  Regions  7  and  8  in  big.  1.  This  assumption  allows 
us  to  mathematically  increase  h  to  infinity.  When  this  is 
done,  we  can  divide  the  cross  section  into  three  vertical 
regions:  3  and  5.  I  and  2.  and  4  a"d  6  We  will  apply  the 
method  of  effective  dielectric  constants  (EDO  to  this 
hypothetical  structure  [ 3).  (4|  Ihe  FIX'.  tr[)  of  the  central 
region  (I  and  2)  for  the  vertically  polarized  (f‘)  modes, 
mas  be  obtained  from 


where  A,  is  the  solution  to  the  eigenvalue  equation 

^  tan  A,/>  \ftr  l)A-  -  A :]  =0.  (4) 

liquation  (4)  is  ibtaincd  by  matching  Ht  and  E,  — ■ 
I  r,(  v  I'lOTIy  at  the  interface  v  =  h  for  a  hypothetical 
slab  structure  realized  by  letting  a  approach  infinity.  The 
EIX  s  for  3  and  5.  and  4  and  6  regions  are  assumed  to  be 
one. 

Next,  we  replace  the  hypothetical  structure  with  another 
hypothetical  one.  consisting  of  a  vertical  slab  of  width  2n 
and  dielectric  constant  <r0  sandwiched  between  air  re¬ 
gions  of  width  r  which  are  in  turn  terminated  by  vertical 
metal  walls  at  v  =  ±  ( n  +  c ).  Notice  that  we  now  have  a 
vertical  two  dimensional  structure  which  is  closed  in  the 
sideward  direction  By  solving  the  eigenvalue  equation  of 
this  final  hypothetical  structure  for  the  phase  constant  A, 
in  the  slab  region,  we  obtain  the  propagation  constant  of 
the  guided  mode  from 

A.-  •  (5) 


[.ad  : 


s'- 
/■ 
s  >  ,  ’ 


so 
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Fig.  3  Theoretical  and  experimental  dispersion  characteristics 


The  method  presented  above  is  only  an  approximation 
It  is  expected  that  the  results  are  accurate  at  higher 
frequencies  where  the  field  is  well  guided.  However,  at 
lower  frequencies,  the  results  are  less  accurate  because 
then  the  field  extends  to  the  Regions  7  and  8,  and  the 
assumption  that  h  is  infinite  no  longer  applies. 

Some  numerical  results  are  plotted  in  Fig.  3  on  which 
experimental  data  are  also  indicated.  In  the  computation, 
ihe  value  of  c  was  varied  and  dispersion  characteristics 
calculated.  Also,  the  results  for  the  ordinary  image  guide 
(r— »oc)  are  included.  It  is  noticed  that  all  the  results  for 
the  trapped  image  guide  approach  those  for  the  image 
guide  at  higher  frequencies  because  most  of  the  energy  is 
in  the  dielectric  rod  and  the  effect  of  the  side  walls 
becomes  smaller.  At  lower  frequencies  the  effect  of  the 
walls  becomes  significant.  The  propagation  constant  /( 
approaches  the  cutoff  value  (free  space  wavelength  A,,) 
faster  than  the  image  guide  case.  The  smaller  the  value  of 
c,  the  more  pronounced  the  effect  of  the  walls  is  Actuallv. 
it  is  expected  that  the  true  value  of  (1  should  be  larger  than 
the  computed  one  near  the  cutoff,  because  there  our 
assumption  that  h  is  infinite  no  longer  holds.  Such  is 
clearly  indicated  by  comparison  between  computed  and 
experimental  results  for  c—  l-mm  case  in  the  25  —  30-(iHz 
range.  We  also  notice  that  all  other  experimental  data 
qualitatively  agree  well  with  theoretical  prediction.  The 
experimental  results  at  higher  frequencies  and  those  for 
image  guides  have  some  quantitative  discrepancy  with 
computed  data.  It  is  believed  that  the  cause  is  in  the 
experimental  process  which  is  quite  sensitive  to  the  per¬ 
turbations  applied  to  create  standing  wave  patterns  used 
to  measure  the  guide  wavelength. 

Experimental  results  for  transmission  loss  of  a  straight 
section  of  the  waveguide  are  plotted  in  Fig.  4.  The  results 
include  the  loss  and  reflection  at  two  transitions,  each  on 
both  ends  of  the  trapped  image  guide;  one  from  the 
conventional  metal  waveguide  to  the  image  guide  and 
another  from  the  image  guide  to  the  trapped  image  guide 
From  Figs.  3  and  4.  we  find  that  the  propagation  char¬ 
acteristics  are  almost  unaffected  by  the  trough  over  27  — 
40GHz  if  c“4  mm.  For  smaller  c  values,  the  transmission 
loss  increases  at  lower  frequencies.  This  is  because  of 
larger  scattering  at  transitions  due  to  larger  differences  in 
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Fig  4  Transmission  loss  in  trapped  image  guides:  the  length  between 
the  transitions  is  20cm. 

[i  between  the  image  and  trapped  image  guides.  The 
scattering  loss  is  largely  in  the  form  of  radiation  at  the 
transition.  However,  no  radiation  has  been  detected  from 
the  trapped  image  guide  section  for  any  value  of  c. 

Ill  Radiation  at  Curved  Sections 

Next,  we  investigated  characteristics  of  a  curved  section 
of  the  trapped  image  guide.  As  an  example,  we  used  a  90° 
bend  of  center  radius  63.7  mm  (Fig.  2(b)).  The  launchers 
from  the  metal  to  image  guides  are  identical  to  the  ones 
used  for  the  measurement  of  the  straight  section.  Similarly 
tapered  transitions  are  used  from  the  image  guide  to  the 
trapped  image  guide.  We  studied  the  following  setups:  an 
image  guide  (c-*o c)  and  trapped  image  guides  of  c  =  2 
and  4mm.  In  the  two  latter  cases,  we  also  removed  the 
inside  walls  of  the  trap,  as  we  believe  the  radiation  at  the 
bend  is  generally  directed  to  the  outer  side,  or  away  from 
the  center  of  the  curvature.  These  two  structures  are 
labeled  with  a  subscript  a,  such  as  ca. 

The  transmission  characteristics  of  a  curved  section  are 
plotted  in  f  ig.  5.  It  is  noticed  from  the  figure  that,  at 
lower  frequencies  where  the  effect  of  the  trough  is  mqre 
pronounced,  the  transmission  characteristics  of  the  image 
guide  are  improved  except  for  the  i -  2-ram  case  where  it 
is  believed  that  the  scattering  at  the  transition  is  quite 
strong.  When  we  remove  the  inside  wall,  the  loss  decreases 
considerably  as  shown  by  ca  =2-mm  curve.  Since  ca  =  4- 
mm  case  is  indistinguishable  on  the  graph,  only  c  =  4-mm 
case  is  shown.  Notice  that  the  transmission  characteristics 
in  Fig.  5  include  the  scattering  loss  at  transitions  from  the 
image  guide  to  the  trapped  image  guide. 

Since  radiation  also  occurs  at  the  transition  from  the 
image  guide  to  the  trapped  image  guide,  we  find  that  the 
radiation  loss  caused  in  the  curved  section  itself  should  be 
smaller  than  those  in  Fig.  5.  To  confirm  our  argument,  we 
have  measured  two  other  quantities.  The  first  is  the  reflec¬ 
tion  toward  the  microwave  source  from  the  dielectric 
waveguide  setup  including  the  transitions.  The  results 
indicate  that  the  reflection  is  generally  quite  small  (less 
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Fig  5  Transmission  loss  in  a  curved  section  of  the  napped  image 
guide 


I  '  ' 

I— _ _ _ _ 1 — a  . — , ..,  .  l :  -i  a.  i  J  .u,  . 


I  l-l  G'4  S'  ■  '  I.H. 

Fig.  6.  Radiation  loss  from  a  curved  section  of  the  trapped  image 
guide. 

than  -  20dB)  and  its  characteristics  do  not  depend  on  the 
different  arrangement  of  the  dielectric  waveguide.  This 
fact  dictates  that  most  of  the  energy  scattered  in  the 
dielectric  waveguide  section  is  radiated  and  is  not  coupled 
to  the  metal  waveguide  mode  through  the  transition. 

The  second  quantity  we  measured  is  the  radiated  en¬ 
ergy.  Since  the  radiation  occurs  at  several  different  loca¬ 
tions,  viz.,  at  the  transition  to  the  image  guide  at  (he 
image  guide  to  trapped  image  guide  transition  and  finally 
at  the  bend,  it  is  desirable  to  distinguish  these  compo¬ 
nents.  Although  complete  distinction  is  not  possible,  we 
tried  to  receive  the  energy  radiated  at  the  bend  most 
strongly.  To  this  end.  we  placed  a  standard  gain  horn  at 
about  5cm  away  from  the  outer  wall  of  the  image  guide 
wall  location.  The  axis  of  the  horn  is  on  the  ladius  of 
curvature  intersecting  the  midpoint  of  the  curved  section 
Therefore,  the  horn  is  looking  at  the  setup  in  a  symmetiic 
manner. 

Fig.  6  shows  the  frequency  characteristics  of  the  ladia- 
ted  power  captured  by  the  horn.  Only  the  results  for 
c  —  4-mm  case  and  the  image  guide  case  (<•  •  x  )  are  plotted 
to  avoid  crowded  drawings  as  in  the  other  cases,  i.e  .  <  =  2. 
c0  =  2,  and  c„  =  4mm  gave  results  similar  to  those  fot 
c  =  4-mm  case.  At  lower  frequencies,  we  sec  considerable 
reduction  in  radiation  by  the  presence  of  the  trough  walls 
it  is,  however,  not  possible  to  quantitatively  compare 
different  trapped  image  guide  setups  with  each  other, 
because  radiations  from  several  different  sources  are  inter 
mixed  and  the  relative  contributions  from  these  si  nines 
will  not  be  identical  in  each  case 
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Fig  7.  Computed  and  measured  <*)  main  beam  direction. 


IV.  Grating  Leaky- Wave  Structures 

The  new  waveguide  is  still  an  open  waveguide  as  the 
trough  is  not  covered.  It  is  well  known  that,  when  periodic 
perturbations  (gratings)  are  created  in  an  open  waveguide, 
the  resulting  structure  exhibits  either  the  leaky  wave  or 
surface  wave  passband  and  stopband  phenomena  [5],  [6j. 

The  structure  works  as  a  frequency-scannable  antenna 
if  |/f„A0|<  1  where  *0  is  the  free  space  wavenumber  and 
p„^/)  +  2mr/d  is  the  propagation  constant  of  the  nth 
space  harmonic  associated  with  the  grating  with  the  period 
d.  The  main  beam  direction  measured  from  the  broadside 
is  given  by 

^Sln  "(£  +  ^).  (6) 


Usually,  n  is  taken  to  be  —  1.  It  is  seen  from  (6)  that  K  is 
a  function  of  frequency.  If  the  attenuation  of  the  guided 
wave  due  to  radiation  is  small  in  the  grating  the  radiation 
pattern  is  approximated  by  that  of  the  cophasally  excited 
linear  array,  and  may  be  obtained  from  the  well-known 
space  factor  calculation.  Then,  the  power  radiation  is 
given  by 


sin(  (Vi^/2) 
sin(if/2) 


(7) 


i  =  kQds\nO- find  (8) 

where  N  is  the  number  of  grating  elements. 

We  developed  an  antenna  from  the  trapped  image 
guide  with  <,  =  2.56,  u=/i»2mm,  /i  =  4mm,  c  =  4mm.  The 
grating  period  was  taken  as  rf=5mm  and  the  number  of 
elements  was  28.  The  grating  was  created  with  narrow 
( I  mm  wide)  metal  strips  placed  on  the  top  surface  of  the 
dielectric  rod.  Fig.  7  shows  the  computed  and  measured 
main  beam  directions  when  the  frequency  is  changed  in 
the  Ka  band.  The  negative  values  of  9 M  imply  that  the 


antenna  is  backward  firing.  The  differences  in  theory  and 
experiments  are  mostly  less  than  2°.  Fig.  8  shows  a  typical 
£-plane  (yz-plane)  radiation  pattern.  The  pattern  is  a  bit 
asymmetric  as  the  antenna  was  placed  near  the  edge  of  a 
big  metallic  slab.  A  relatively  strong  radiation  in  the 
+  72°  is  caused  by  the  fact  that  the  transmitting  oscillator 
radiated  power  directly  into  the  feed  horn  of  the  antenna. 
The  main  beam  width  and  sidelobe  levels  computed  by 
the  simple  theory  above  resulted  6°  (at  -3dB)  and 

-  !3.5dB  as  compared  with  measured  values  of  6.5°  and 

-  14dB. 


V.  Conclusions 

We  proposed  a  novel  trapped  image  guide  for  millime¬ 
ter  wave  applications  for  the  purpose  of  reducing  the 
radiation  loss  at  curved  sections.  Fundamental  propaga¬ 
tion  characteristics  are  obtained  by  an  approximate  the¬ 
ory.  Numerical  results  are  compared  with  measured  data 
Investigations  of  radiation  loss  at  a  90°  curved  section  as 
well  as  the  application  of  this  guide  to  a  leaky-wave 
radiator  are  included. 
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ABSTRACT 

\i\  :;nagc  guide  is  excited  bv  ;i  S 1  t  Vagi  Hda  array 
..  T'-itr.l  ;  1 1  i  hr  ground  plane  so  that  the  maioritv  of  t  he 
Miergv  travels  nt  a  specified  direction.  Jhe  method  is 
.rful  tor  implementing  planar  devices  tor  image-guide 
'!  riu  t  ure-  . 

Int  roduct  ion 

Recently,  image  guides  have  been  investigated  by 
a  number  of  workers  for  application  in  mi  1 1 imeter -wave 

integrated  c  i  rants.*  To  date,  an  image -guide  is 
typically  excited  bv  a  tapered  section  inserted  into 
a:,  open-ended  waveguide  or  »  waveguide  horn  designed 
t  >r  the  hast  amount  of  insertion  loss  and  reflection. 
!riese  structures  with  good  design  are  useful  for  inter¬ 
facing  the  image-guide  with  conventional  waveguide  . ir- 
cuits.  However,  if  true  millimeter-wave  integrated 
..rcuit'*  are  built  with  image-guide  structures,  it  is 
insc'.sary  that  solid  state  devices  are  i  in  orporat  ed  in 
1  *  t  near  the  image  guide  so  that  they  interface  the 
latter  directly  or  possibly  b>  wav  of  planar  networks 
in.  Ii  as  nncrosfrjp,.  Hired  implementation  i  f  soli. I 
state  devices  is  not  very  lewarding  as  the  miict  ier 
created  by  the  device  causes  a  number  of  problem-  *-uch 
i  r  id  i  at  ion  and  ;  mpedaiice  mi  wnaKh. 

/  o  alleviate  such  problems .  s«>Jh«ich  recently  /’re¬ 
posed  a  slot  structure  in  the  ground  plane  >f  the  { 
image -guide  and  placed  a  detector  diode  in  the  slot 
hith  an  appropriate  design,  iletei  tor  effi*  lenev  w.i 
found  to  be  relatively  good.  One  of  the  problem-  O 
sii«  t  i  structure,  however,  is  that  the  slot  iroa'ed  m 
the  ground  plane  i  bidirectional,  that  is.  it  <  ii 
tore-  the  guided  waves  coming  from  both  dirts  t  nir  .  «H 
it  tiu  slot  is  used  for  exc 1 1 at  ion .  the  power  i  -  split 
,  is  t  o  both  directions  in  the  image -guide. 

!h 1 s  paper  proposes  a  method  for  substantial  It 
increasing  the  directivity  of  the  excitation  from  t he 
slot  in  the  ground  plane.  This  scheme  consists  of 
mult i -slots  in  the  ground  plane  arranged  in  a  Yayi  t\ia 
ar^ay  arrangement  (Figure  1  1  .  Unlike  the  phised 
arrangement,  the  Vagi -Hda  array  requires  on  I v  um  ilr 
ment  to  be  active,  thus  reducing  the  number  of  required 
active  devices.  \ctuully,  a  monopolc  type  tagi  Hda 
array  inserted  into  the  dielectric  guide  lias  beer. 

reported.  However,  the  present  structur*  .  mm  I 
more  appropriate  tor  mi  l  i  i  meter -wave  .  i  r«  ui  t  •  bec.m-e 
the  slot  .t  ructur«s  are  amenable  t««  plan.n  f.ihruation 
t  is  hno  logs  . 


The  length  of  the  driving  element  is  chosen  so 
that  it  is  at  half-wavelength  resonance.  Note  that 
the  slot  call  he  iewed  as  a  short-circuited  slot -line 
with  the  dielev  ric  slab  of  the  image -guide  as  the 
substrate.  Hence,  to  determine  the  resonant  length, 

the  analysis  developed  by  S.  t!ohn^,()  was  utilized  and 
yielded  a  second-order  .approximation  for  the  guided 
wavelength,  design  data  was  available  from  various 
curves  in  Cohn’s  analysis  and  the  slot-line  parameters 
were  substituted  to  give  the  length  of  the  resonant 
slot.  In  addition,  the  end  effect  in  a  shorted  slot 
had  to  be  taken  into  account .  Research  conducted  by 

knurr  and  Saen^'  indicates  that  this  factor  serves  to 
invre.ist  the  resonant  length  by  as  much  as  20%. 

In  obtain  the  maximum  excitation  of  the  image- 
guide  mode  in  one  direction,  it  is  necessary  to  adjust 
the  Vagi -Hda  slot  parameters.  By  lengthening  and 
shortening  the  parasitic  slots,  reflector  and  director 
elements  are  iieated  to  increase  the  coupled  energy 
along  a  spec i lied  direction.  Ihe  research  conducted 

bv  several  author**"  indicates  that  the  reflector 
length,  i*.  approximately  S%  longer  than  that  of  the 
driver  and  the  director  is  about  10%  shorter. 

Ihe  optimum  reflector  spacing  was  experiments  1 1 y 

g 

determined  to  be  \g/l  .  As  for  the  director  spacing, 
a  maximum  gam  can  be  achieved  by  adjusting  the  width 
and  length  of  the  slot  ;is  long  as  such  spacing  does 
not  .-x.  red  ft  t*g.  Note  that  *g  in  our  application 

should  hr  the  guide  wavelength  of  the  1^  mode  i  n  the 

image  line,  an  I  is  determined  bv  applying  the  method 

1  <’ 

nt  .tlc.tive  d  electric  v orst ants  To  this  end,  we 

first  obtain  .  for  the  vertically  polarized  modes 

'  ,  C  ) 

o 

when-  k  is  *  ?  •  soldi  »n  to  the  eigenvalue  equal  i  •  *  n 


Next,  tie  stem  t.ii'-  i  s  replaced  *  1 1  h  ;i  hypotheti 
.  a  i  cMn.i  J  *  i.ih  of  width  .’.i  and  infiiuf.  height  and 
.lielr.  fri»  v  on*- t  ant  ■  ^  Bv  solving  the  eigenvalue 

.  1)0.1 1  i  >m  ..  1  1  1. 1  hv  pel  f.  t  u  .i  I  I  pH  hin  t  ■  >  I  th.  |  h  .  . 

.  im:  .  I  .int  ,  k  if  the  ••l.ll*  lego  n.  we  obt  a  in  The  |  !.-p.» 


He  •  l gn  i  l  itm  a 

Ihe  slots  in  the  gioiuul  plane  of  an  ima,e  g».d- 
can  behave  as  the  elements  of  i  V»g»  H.l  i  .nra\  l> 
adjusting  fh<-  width,  length,  and  spa.  mg  o!  t  hi  J<'ts. 
Ihe  parameters  of  mtere  t  are  deltmd  in  .  igure 
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gll  I  dr  m<  ule  f  t  om 

and  thus,  the  guided  wavelength, 


linallv.  the  width  of  Tin-  slot-,  is  ad  lusted  to 
vary  The  input  imped  a  me  st>  that  the  opt  timitn  gain  is 
obtained.  Rigorous  determination  of  the  m pedum  e  is 
too  complex  to  be  practical  for  this  study,  and  thus 
the  -lot  widths  were  determined  experimentally 


M  though  an  act  i  vr  dev  i  c  c  may  he  dirxMfv  uiij'if 
[rented  in  the  driving  slot,  out  objective  hen  is  to 
stud  the  coupling  between  the  slot  arrax  and  the 
linage  ^iiul e.  To  this  end,  we  studied  *s*\ vr.il  method-. 

»>!  i  it  mg  flu  slot  h\  .ill  e  \  t  c  i  hill  simru  I  ig  >a 
i  one  ut  such  '.ll'u  Inn  s  A  I  though  tin  \  oil  t  1  gli  i  1 1  i  on 
,|i\  tatr*.  from  tin  planar  tvpc  de*.  ign,  1  go-  *d  imped. un< 
Match  nlll  I)  l*e  obtained  To  entiaiue  etl  i.  lent 

t  v.  it.it  ion  of  the  driving  slot.  It  is  thus  uppropiiatc 
for  laboratory  studies,  figure  Sb  proposes  a  planar 
type  feed  with  a  slot-line.  Design  of  an  efficient 
feed  by  this  mechanism  is  more  difficult. 

L xpcrimental  Results 

Various  configurations  were  tested  and  the  follow¬ 
ing  parameters  were  used:  a  design  frequency  of  7.5 
DH-,  a  ground  plane  thickness  of  0.1  ram,  and  a  dielec¬ 
tric  constant  of  10. 0.  Yagi  arrays  with  only  two  ele¬ 
ments  (driver  and  reflector,  driver  and  dir  tor)  were 
tested  first.  The  measured  front -to-back  ratios  of 
transmitted  power  are  shown  in  Figure  4.  A  relatively 
high  ratio  is  obtained  with  the  reflector  behind  the 
driving  slot.  However,  the  bandwidth  is  very  narrow. 

A  wider  bandwidth  (but  a  lower  ratio)  appears  in  the 
ca*>e  of  the  driver  and  director  when  the  width  of  the 
director  i>  larger.  By  introducing  more  directors  into 
r he  array,  u  higher  ratio  and  wider  bandwidth  is  un¬ 
tamed.  The  results  tor  3,  4,  and  5  element  array, 
a  re  *  hown  in  f  i  gu  r  e  5 . 

Cone lus ion 

The  principles  of  the  Vagi  -lid  a  array  are  applied 
to  the  slot -fed  image  line  in  order  to  reduce  the  radi 
at  ion  losses  and  increase  the  energy  transmitted  in  the 
specified  direction.  The  experimental  results  show 
that  even  with  a  two -element  design,  one  can  obtain 
greater  transmission  in  the  forward  direction.  A  five 
element  design  proved  to  have  a  wider  bandwidth  while 
maintaining  an  overall  increase  in  directivity  in  the 
Jesired  direction.  The  results  reported  in  this  paper 
are  believed  to  he  viable  and  can  prove  to  be  effect  i  ve¬ 
in  the  design  of  planar  mi  1 1 imetor -wave  circuits  using 
image-guide  structures.  It  is  expected  that  an  i n 
»  leased  number  o»  director  elements  improve  the  front 
r  -  ‘ad  txeii  it  uni  ratio  even  further,  provided  a  tare 
f ..  1  vie  •  i  gp  l  ear  i  .  ed  out  . 
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AIKSTU  Av'T 


Measurements  have  been  made  on  various  antenna  conf  igurut.vMis  uitabl**  i -»r  monolithic  integration  at  millimeter-wave 
frequences.  The  basic  strut  tun*  consists  oi  a  single  slot  dipole  radiator  et<  he*.,  os  a  dielectric  substrate  and  combined  with  a 
beam  lead  detector  diode,  iinnancomorit  ol  the  antenna  directivitx  has  bet*n  achieved  through  the  use  of  dielectric  rods  oriented 
over  the  slot  area.  Addition  ol  these  rods  lias  improved  directivity  op  to  10  dl\  at  r/1  uH/. 


Introduction 

There  is  an  ever  increasing  interest  :n  tin*  application 
of  monolithic  fabrication  techniques  to  millimeter -waw  <  om- 
ponents.  One  such  obje«  t:ve  ol  monolithic  integration  is  to 
eliminate  the  use  of  waveguide  connections  to  a  circuit, 
including  those  from  an  antenna  to  a  mixer.  In  order  to  do  so, 
an  efficient  antenna  structure  oust  no  developed  winch  car.  *>e 
combined  with  quasi-optirai  or  other  'such  techniques  to  f  til  f  1 11 
the  overall  directivity  requirements  of  the  system. 

One  antenna  structure  being  investigated  .>  the  plan  »r 
slot  dipole.  f\y  combining  a  dipole  etched  on  i  diele  -  *  tr  **  *  sub¬ 
strate  with  a  dielectric  rod  teed  oriented  nor  the  slot  area, 
the  directivity  is  unproved  and  field  pattern  is  suitaulo  tor 
feeding  a  parabolic  or  Cassegrain  structure. 

Slot  Antenna 

The  slot  antenna  is  an  adaptation  ol  .«  rutlur  classical 
design***^  that  uses  two  shorted  quarter  -  w  as  elength  transmis¬ 
sion  lines.  In  this  spool. c  case,  a  coplanar  waveguide  trans¬ 
mission  line  is  used  to  feed  a  halt -wax c  slot  dipole  tt  the 
center.  Figure  1  shows  the  lavout  of  th»*  antenna  and  feed.  \ 
bonding  pad  is  included  at  the  end  of  th**  fe«*d  lor  bonding  a 
beam  lead  diode  and  video  output  lim*.  Hus  p.id  can  also  sorw 
for  bonding  a  detec  ter  bvpa*  capac  ,tan*  e  to  tue  sur  i .  -riding 
ground  plane. 

Various  dieloctru  substrate  mati  f  nils  have  'wen  used 
for  the  slot  antenn.i  including  Ouroid.  Teflon,  qua*  t/, 
sapphire,  and  high  resistivstv  silicon.  The*  tw  ’  materials  most 
thoroughly  evaluated  to  date  arc  Teflon  and  quart/,  l  or  th** 
AO -A  i  Hz  antenna  design,  the  Teflon  substrate’s  vs  ere  '>0  am 
thi<  k  with  l  *>  pm  ol  upper  cladding,  while  the  quart/ 
substrates  were  2^0  um  thick  with  plated  up  i  r-Au  metal¬ 
lization. 

Initial  tests  showed  the  dr  tee  tor  output  *  >ltage  to  hr* 
lower  than  ex  pec  ted  due  to  insulin  lent  bypass  >  apa*  itanc  e  lor 
the  diode.  Additional  t  upu<  itanc  e  was  added  in  strapping  two 
thin  film  capacitors  to  the  bonding  pad  as  shown  in  f  igure  .?. 
This  additional  capacitance  increased  the  detected  output 
voltage  bv  20  dIV  thus  improving  the  over. ill  el  In  \  uv  v. 

Dude.  trie  Feed 

The  direc  tivity  ot  a  simple  slot  dipole*  is  rather  poor  if 
bring  considered  as  a  feed  tor  an  antenna  system.  Vo  rnnanc  e 
the  directivity,  a  rectangular  dielectric  rod  wjs  placed  over 
the  dipole  area.  It  is  well  known  that  tue  dielectric  rod  <an  be 
used  as  a  surface  wave  antenna.*  In  the  present  work,  such  a 
surface  wave  antenna  rod  is  used  .is  a  direc  tor  to  enhance  the 
d;re  tivitv  of  the  slot  antenna.  Tapering  of  the  rod  in  one  or 


both  di  nensions  improved  the  VSWR  and  prevented  severe 
aberrations  in  the.*  radiation  pattern.  Dielectric  materials  for 
the  rods  were  .  hewn  to  be  compatible  with  the  slot  antenna 
substrate.  lor  the  Teflon  substrate,  rods  were  made  of 
Teflon.  However,  to  simplify  fabrication  of  the  rods  for  the 
quart/  substrate  stun -t.it es,  boron  nitride  was  used  for  the 
rods  rather  than  qu.et/. 

Design  of  the  rider  trie  rods  was  based  upon  single 
mode  propagation  of  diclec  trie  waveguide.  The  overall  length 
of  the  rod  was  t spirally  to  5  free  space  wavelengths  with  a 
tapered  section  about  half  the*  overall  length.  Mgure  1  shows 
a  typical  dieler  trie  rod.  Although  the  overall  .antenna  perfor¬ 
mance  m,iv  he  improved  further  bv  more  extensive  design 
procedure  ot  the-  rod  structure,  the  present  attempt  exhibited 
more  than  s,i j  isf ac tor y  results,  as  shown  later. 

Rods  were  attached  to  the  slot  anteni.a  by  means  of  a 
polystyrene  based  adhesive.  Its  low  dieler  trie  constant  and 
low  loss  nature  assured  little  perturbation  in  the  radiation 
pattern  due  to  ts  presence. 
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Spectral  Domain  Immitance  Approach  for 
Dispersion  Characteristics  of  Generalized 
Printed  Transmission  Lines 

1-XTSrO  non,  SENIOR  MEMBER.  IEEE 


Abstract—  A  simple  method  lor  f  omul  luting  the  dyudlc  t -rer'n's  func¬ 
tions  In  the  spectral  domain  b  presented  fur  generalized  printed  tnuwjnb- 
stun  lines  rshirh  contain  several  dielectric  layers  and  conductors  appearing 
at  several  dielectric  Interfaces.  The  method  Is  based  on  the  transverse 
equivalent  transmission  line  lor  a  spectral  wave  and  on  a  simple  coordinate 
transformation.  This  formulation  process  Is  so  simple  that  often  It  b 
an  iingillihri  almost  by  Inspection  of  the  physical  cmss-sectlonal  structure 
of  the  transmission  line.  The  method  b  applied  to  a  new  versatile  transmis¬ 
sion  Une.  a  tick-rust rtp- slot  line,  and  some  numerical  results  are  presented. 

I  KrRom  t  nos 

FEW  YEARS  AGO,  a  method  called  the  spectral- 
domain  technique  was  developed  for  efficient 
numerical  analyses  for  various  planar  transmission  lines 
and  successfully  applied  to  a  number  of  structures  1 1 ).  (2). 
One  difficulty  in  applying  this  technique  is  that  a  lengthy 
derivation  process  is  required  in  Ihe  formulation  stage, 
especially  for  the  more  complicated  structures  such  as  the 
one  recently  proposed  bv  Atkawa  f 3J.  |4|  in  which  more 
than  one  conductor  arc  located  at  different  dielectric 
interfaces.  This  paper  presents  a  simple  method  for  deriv¬ 
ing  the  dyadic  Green's  functions  (immitiance  functions) 
which  is  based  on  the  transverse  equivalent  circuit  con¬ 
cept  as  applied  in  the  spectral  domain  in  conjunction  with 
a  simple  coordinate  transformation  rule.  This  technique  is 
quite  versatile  and  the  formulation  of  the  Green's  function 
may  be  done  almost  by  inspection  in  many  structures.  It  is 
noted  that  symmetry  in  the  structure  is  not  required  and 
that  the  analysis  can  be  extended  to  finite  circuit  ele¬ 
ments.  such  as  the  disk  resonator 

In  what  follows,  we  first  illustrate  the  formulation  pro¬ 
cess  for  the  microstrip  line  and  subsequently  extend  it  to  a 
more  general  microstrip-slot  structure  Numerical  results 
for  the  microstrip-slot  structure  are  also  presented 

II  ll  I  l  SIRAIION  Ol  lilt  l  llRMfl  AMDS  PRihI-SS 

f'o  illustrate  the  formulation  process,  wo  will  use  a 
simple  shielded  nucrostrip  line  shown  in  Fig  I  In  conven¬ 
tional  space-domain  analysis  |X|.  this  structure  may  be 
analyzed  bv  first  formulating  the  following  coupled  homo¬ 
geneous  integral  equations  and  then  solving  for  the  un 

Manuscript  mritrd  (Vtohr  2f>.  W7V.  revised  Tchriurv  2.  WHO  17m 
work  wax  supported  in  pari  bv  l1  S  \rmv  Research  Offne  uniter  lirant 
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The  author  is  with  the  Department  of  Hectrual  I  n^ineennu.  I  naer 
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l  I  ('toss  sex  Hon  of  a  microstnp  line 

known  propagation  constant  [i\ 

f{z,.ix  v  .d)JA  V  »  E  /.,<  V  -  x'  ,d)J  K{  v)  j  dx’  =0 

(1) 

/  [Z,,(v  v  ,d)JA  v  )  +  /o( x  -  x'.d)Jt{  v  )]cfx  =0 

(2) 

where  ./,  and  ./.  arc  unknown  current  components  on  the 
strip  and  the  Green's  functions  (impedance  functions)  / lt. 
etc  .  are  functions  of  unknown  )i  as  well  ['he  integration 
is  over  the  strip,  and  1 1 )  and  (2)  are  valid  on  the  strip.  The 
left-hand  sides  of  these  equations  give  £'.  and  f,  compo¬ 
nents  on  the  strip  and.  hence,  are  required  to  be  zero  to 
satisfy  the  boundary  condition  at  the  perfectly  conducting 
strip.  These  equations  may  be  solved  provided  that 
etc  .  are  given  However,  for  the  inhomogeneous  struc¬ 
tures.  these  quantities  are  not  available  in  closed  forms 
In  the  specttal  domain  formulation,  we  use  Fourier 
transforms  of  (I)  and  (2)  and  deal  with  algebraic  equa¬ 
tions 

/..2(a.d)j:{a.d)+  /.„{». d  )/,(«. J)=  F.,{n.d)  (3) 

/,,(<>  ./>y  (.«.</)+  /..<!>.. =  d>  <4) 

instead  of  the  convolution- type  coupled  integral  equations 
(I)  and  (2)  In  (.’>)  and  (4).  quantities  with  —  arc  Fourier 
transforms  ol  corresponding  quantities  without  — .  The 
Touner  transform  is  defined  as 

«(<>)=  j  y>(  v  )e'"‘  </x  (5) 

Notice  lh.il  the  right  hand  sides  of  (3)  and  (4)  are  no 
longer  zero  because  they  are  the  Fourier  transforms  of  /  . 
and  t\  on  the  substiatc  surface  which  arc  obviously 
nonzero  except  on  the  strip  Hence,  algebraic  equations 
(3)  and  (4i  ionium  fom  unknowns  J..  I  ..  and  f  , 
However.  /  .  and  A,  will  he  eliminated  later  in  ihe  solu¬ 
tion  process  based  on  ihe  Galerkin's  procedure 
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Fig  2  Coordinate  transformation 
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Fig.  3.  Equivalent  transmission  lines  for  the  microstnp  line. 

The  closed  forms  of  Green's  impedance  functions  Z.t, 
etc  .  can  be  derived  by  first  writing  the  Fourier  transforms 
of  fie'J  components  in  each  region  in  terms  of  superposi¬ 
tion  of  TM-to-v  and  TE-to->  expressions  by  way  of 
Maxwell's  equations. 


£,(a,v)=  A  'coshy,  c. 

0  <>•  <  d 

=  B'  coshy2(/i  y). 

d  <y  <  h 

(6) 

Hy(a.y)  —  A  *smhy,  v , 

0  <  v  <  d 

=  /?  *  sinh  y2(  h  -  y), 

d<  v  <h 

(7) 

Yi  =^a‘  +  (i2-t.kl  y2  =  ’ 

/,.r+7T:  . 

(8) 

Next,  we  match  tangential  (  v  and  z)  components  at  the 
interface  and  apply  appropriate  boundary  conditions  at 
the  strip  (1|,  |2J.  By  eliminating  A',  B',  A1',  and  5*  from 
these  conditions,  we  obtain  expressions  for  Green's  im¬ 
pedance  functions  Z„,  etc 

In  the  new  formulation  process  we  will  make  use  of 
equivalent  transmission  iines  in  the  >•  direction.  To  this 
end,  we  recognize  that  from 

Ev(x,y)c  HU  =  f  £\(a.y)e  ',ax  d a  (9) 

2W  J  ao 

all  the  field  components  are  a  superposition  of  inhomoge¬ 
neous  (in  y)  waves  propagating  in  the  direction  of  #  from 
the  z  axis  where  9  =  cos  '(  (i/0-  P2  For  each  0. 

waves  may  be  decomposed  into  TM-to-v  ( F  .  .  tlu),  and 

TF-to-v  ( Hv  !u.  Hi  I  where  the  coordinates  r  ami  u  are  as 
shown  in  Fig  2  and  related  with  (x.z)  via 

u  =  zsm#  rcos  0 

i •  —  z  cos #  +  »  sin#.  ( 10) 

We  recognize  (hat  J:  current  creates  only  the  I'M  fields 
and  the  TF  fields  Hence,  we  can  draw  equivalent 

circuits  for  the  1 M  and  TF  fields  as  in  Fig.  3  The 
characteristic  admittances  in  each  region  are 


2 

It 

>!r  J5- 

II 

^  :s 

-  c 

j* 

1=1,2 

(11) 

>  -  'l  - 
1 1  ‘  /:„  /«/« 

i=1.2 

(12) 

where  y,  =  yl« 2  a  /(■’  t, A.  ’  is  the 

propagation  constant  in 

the  i  direction  in  the  nh  region.  All  the  boundary  condi¬ 
tions  for  the  FF.  and  1  M  waves  are  incorporated  in  the 
equivalent  circuits  For  instance,  the  ground  planes  at 
>  =0  and  h  are  represented  by  short  circuits  at  respective 
places,  the  electric  fields  El  and  Eu  are  continuous  at 
>■  =  d  and  are  related  to  the  currents  via 

E<(o.d)  =  Z'(a.d)j,\a.d)  (13) 

f:ja.d)=/‘,(a.d)j\(a,d ).  (14) 

/'  and  Z*  are  the  input  impedances  looking  into  the 
equivalent  circuits  at  y  =  J  and  are  given  by 

(«5) 

Zl'(a.d)  =  - - -  (161 

y?+  y? 

where  Y'  and  Y':  aie  input  admittances  looking  down  and 
up  at  v  —  d  in  the  TM  equivalent  circuit  and  >'*  and  V* 
arc  those  in  the  T  F  circuit: 

Ff=  FrM|CothY|(/r  -  d)  Y$  =  T,M,cothy3d  (17) 

F  *-  FT|. .,  cothy,(A  -  d)  Yf  **  FTI. 2  coth  y,c/  (18) 

The  final  step  consists  c>f  the  mapping  from  the  (u.i  '  to 
(x.z)  a  coordinate  system  for  the  spectral  wave  corre¬ 
sponding  to  each  9  given  by  u  and  /?.  Because  of  the 
coordinate  transform  (10),  and  Et  are  linear  combina¬ 
tions  of  /  ,,  and  !\  Similarly.  J ,  and  J.  are  superpositions 
of  Ju  and  Jt  When  these  relations  are  used,  the  imped¬ 
ance  matrix  elements  in  (3)  and  (4)  are  found  to  be 

Z„{a.d)=  ,\;7'{a.d)  +  P:27hla.d)  (19) 

7ty(  a.  h  )=/l.i<*.  d)  —  S\  ,V; !  Z'{a,d)  +  Z*(u.<2)  j 

(20) 

Z„ ( .» . d )  =  \,’Z '  ( n.d  )  -t-  V/Z \a.d)  (21) 

where 

(V,  =  =  sin#  iV;  =  — — •-  =  cos#  (22) 

Y^r’-l  /(  '’  \fix2  +  (i  ' 

Notice  that  and  Z*  tire  functions  of  «2  +  /):  and  the 
ratio  of  o  to  /(  enters  only  through  \t  and  St 

It  is  easily  shown  lh.il  (19)  (21)  are  identical  to  those 
previously  derived  by  means  of  boundary  value  problems 
imposed  on  the  field  expression  1 1  ],  1 2], 

III  I  XII  NSION  111  lilt  Ml<  KOSIRII’-Sl  or 
SlKI  t  It  Kl 

I  he  method  presented  m  the  previous  section  may  be 
extended  to  moie  complicated  structures  such  as  the  mi- 
crostrip-slol  line  structure  in  Fig.  4.  Fins  structure  is 
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Fig  4.  Cross  section  of  a  raicrostnp-slot  line. 
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Fig  5  Equivalent  transmission  lines  for  the  microstnp-slot  line. 


believed  to  be  useful  in  many  microwave  integrated  circuit 
designs  because  there  ts  an  additional  degree  of  freedom 
in  design  due  to  the  existence  of  the  slot  [3],  (4|,  (6|.  The 
characteristic  impedance  and  the  propagation  constant 
may  be  altered  from  those  in  the  microstrip  line  by 
changing  the  slot  width  in  the  new  structure 

By  comparing  the  new  structure  with  the  microstnp  line 
in  Fig.  1.  we  may  draw  equivalent  circuits  in  Fig.  5.  From 
Fig  5.  we  get 

Ev(a,d+  /)  =  Z'iJ,(a,d+  t)+  Z'2jj  a.d)  (23a) 

EJ»,d+  i)  =  Z.)lju(a.d+  i)+  Z^jja.d)  (23b) 

£,  ( a.  d )  =  ZjV,  ( o,  d  +  l )  +  Zyv(a-d )  (24a) 

f:u  ( a .  d )  =  /  *  jj  n .  d  +  ; )  +  Z2Jj  a.d )  (24b) 

where  is  the  driving  point  input  impedance  at  y  =  d+  I 
and  /, 2  is  the  transfer  impedance  which  expresses  the 
contribution  of  the  source  at  v  =  d  to  the  field  at>=d+r. 
Other  quantities  mav  be  similarly  defined.  Specifically 


^  '  ’  V"  A.  )  '<■ 

*  1  *  7  ?/ 

(25) 

>7-  >'rM,cothY,<A  d-  t) 

(26) 

^  iMi  *  3  (coth y2r 
IM?  r;+  F,M2cothy2r 

(27) 

Y'  -  k  !m  yCOth  y  yd 

OO 

seen  that  and  Y'u  are  input 

impedances 

where 


looking  down  at  i  -  d  and  d  +  i.  respectively,  while  Y'  is 
the  one  looking  upward  at  v  =  d+  r  On  the  other  hand 

K,m;  smhy,r 


/'2~  >7  +  y'u  >7  +  >  i  m  ;  coth  y  ,f 


(29) 


Here 


Yr  V 

1  2u  9  1 


>|M24  >  y  COtH 


1 M ‘  ^  i  *  ^  rvi? coth y2l 
is  the  input  admittance  looking  upward  at  v  =  d  We 


recognize  that  /.'n  is  the  transfer  impedance  from  Port  2 
to  Port  1  in  tnc  1  M  equivalent  circuit.  All  other  imped¬ 
ance  coefficients  in  (23)  and  (24)  may  be  similarly  derived 

Impedance-matrix  elements  may  be  derived  by  the  co¬ 
ordinate  transform  identical  to  the  one  used  in  the  micro- 
stop  case.  Some  of  the  results  are 

+  Nl !Z*(  (30) 

z"-WA-z\ r,  +  z.*,)  111) 

+  (32) 

The  subscripts,  sav  :x.  indicate  the  direction  of  the  field 

(£,)  caused  by  that  of  the  contributing  current  (J  ).  The 

superscripts,  say  12,  signify  the  relation  between  the  inter¬ 
face  where  the  field  is  observed  ( 1)  and  the  one  where  the 
current  is  present  (2) 

IV  Sow  i  Fran  'res  of  rur  Method 

The  method  presented  here  is  useful  in  solving  many 
printed  line  problems.  We  will  summarize  the  procedure 
for  the  formulation  1)  When  the  structure  is  given,  we 
first  draw  TM  and  TF  equivalent  circuits.  F.ach  layer  of 
dielectric  medium  is  represenied  by  different  transmission 
lines  and  whenever  conductors  are  present  at  particular 
interfaces,  we  place  current  sources  at  the  junctions  be¬ 
tween  transmission  lines  At  the  ground  planes,  these 
transmission  lines  are  shorted.  2)  We  derive  driving  point 
and  transfer  impedances  from  the  equivalent  circuits  3) 
They  are  subsequen'ly  combined  according  to  the  sub- 
and  superscript  conventions  described  in  the  previous 
section,  and  we  obtain  the  necessary  impedance  matrix 
elements. 

The  method  has  certain  attractive  features: 

1)  When  the  structures  are  modified,  such  changes  are 
easily  accommodated.  For  instance,  when  our  structure 
has  sidewails,  at  say  x  *  ±  /.,  to  completely  enclose  the 
printed  lines,  all  the  procedures  remain  unchanged  pro¬ 
vided  the  discrete  Founer  transform  is  used 

<t>(a)  =  J  ‘  <t>(  x  )e>ax  dx,  a=  (33) 

On  the  other  hand,  when  the  top  wall  is  removed,  we  only 
replace  the  shorted  transmission  line  for  the  top-most 
layer  with  a  semi-mfimtely  long  one  extending  toy  ■+  +  oo. 

2)  The  formulation  is  independent  of  the  number  of 
strips  and  their  relative  location  at  each  interface.  Infor¬ 
mation  on  these  parameters  is  used  in  the  Galerkm's 
procedure  to  solve  equations  such  as  (3)  and  (4). 

3)  For  some  structures  such  as  fin  lines  [8],  it  is  more 
advantageous  to  use  admittance  matrix  which  provides 
the  current  on  the  fins  due  to  the  slot  field.  The  formula¬ 
tion  in  this  case  almost  parallels  the  present  one  Instead 
of  the  current  sources,  we  need  lo  use  voltage  sources  in 
the  equivalent  circuits 

4)  It  is  easily  shown  that  the  method  is  applicable  to 
finite  structmes  such  as  microsirip  resonators  and  anten¬ 
nas  Instead  of  (5),  we  need  to  use  double  Founer  trans¬ 
forms  in  i  and  directions  so  that  only  the  t  dependence 
remains  to  allow  the  use  of  equivalent  circuit  concept. 
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S)  Certain  physical  information  is  readily  extracted, 
l  or  instance,  it  is  clear  that  denominators  of  typical 
impedance  matrix  elements  give  the  transverse  resonance 
equation  when  equated  to  zero.  This  implies  that  for 
certain  spectral  waves  determined  b>  a  and  ft.  surface 
wave  poles  may  be  encountered.  How  strongly  the  surface 
wave  is  excited,  or  if  it  is  excited  at  all.  is  determined  by 
the  structure. 

V.  Nl  Ml  RII  Al  FxaMPI  t- 

Although  the  intention  of  this  paper  is  to  show  the 
formulation  process,  the  additional  steps  required  to  ob¬ 
tain  numerical  results  are  discussed  for  the  sake  of  com¬ 
pleteness.  We  computed  dispersion  characteristics  of  the 
micros! rip-slot  line  with  sidewalls  at  ,x  =  *  L  by  the  pre¬ 
sent  formulation  followed  by  a  Galerkin’s  procedure  re¬ 
peatedly  used  in  the  spectral-domain  method. 

In  the  previous  section,  the  problem  is  formulated  by 
using  the  impedance  matrix  with  elements  7'^.  ( i.j=  1,2 
and  p,q=  v .  z )  and  we  presumed  that  the  current  compo¬ 
nents  on  the  conductors  are  unknown.  It  is  more  advanta¬ 
geous  in  numerical  calculation  if  wc  choose  the  current 
components  on  the  strip  Jfta.d+t)  and  jfta.d+i)  and 
the  aperture  fields  in  the  slot  E.(a.d)  and  Eftu.d)  for 
unknowns  in  the  Galerkin’s  procedure.  This  is  because  the 
aperture  field  in  the  slot  can  be  more  accurately  ap¬ 
proximated  than  the  current  on  the  conductor  at  y  -  d  (4), 
(7|.  To  this  end.  we  rearrange  the  impedance  matrix 
equation  to  the  one  in  which  the  above  four  unknown 
quantities  are  on  the  left-hand  side.  This  modification  can 
be  readily  accomplished  In  the  Galcrkin’s  method,  these 
unknowns  are  expressed  in  terms  of  known  basis  func¬ 
tions  Finally,  we  obtain  homogeneous  linear  simulta¬ 
neous  equations  as  the  right-hand  side  becomes  identi¬ 
cally  zero  by  the  inner  product  process  [l|,  (2).  By  equat¬ 
ing  the  determinant  to  zero,  we  find  the  eigenvalue  ft 

There  are  two  types  of  modes  in  the  structure.  One  of 
them  is  a  perturbed  microstrip  mode  and  another  is  a 
perturbed  slot  mode,  t  or  the  perturbed  nncrostrip  quasi- 
I'FM  mode,  we  have  computed  dispersion  relations  by 
choosing  only  one  basis  function  each  for  four  unknowns. 
They  are  chosen  such  that  appropriate  edge  conditions  are 
satisfied  at  the  edges  of  strip  and  slot.  For  instance,  we 
can  choose  as  the  basis  functions  the  Fourier  transforms 
of 

Jftx.d+t)**  -  y,(.\.i/+r)=  i\V-  i: 

vV:  x1 

Eftx.d)  =  Va1  x 1  Eft\.J)  = 

\  V  i2 

It  is  readily  seen  that  Fourier  transforms  of  these  func¬ 
tions  are  analytically  given  in  terms  of  Bessel  functions 
Fig  6  shows  some  numerical  examples  of  dispersion  char¬ 
acteristics  The  present  results  for  a  small  slot  width  are 
compared  with  those  of  a  shielded  nncrostrip  line  (1|  It  is 
clear  that  as  ihe  frequency  incieascs.  the  presence  of 
nonzero  slot  width  becomes  moie  significant  It  is  also 
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Fig.  6  Dispersion  characteristics  of  microstrip-siot  lines  —  6.35  mm. 
a  •"  1 1  43  mm.  t  *  1  27  mm.  h  —  24  13  mm.  h  —  0.63}  mm.  t,  —  8  875 

seen  that,  as  the  slot  width  increases,  the  guide  wavelength 
becomes  larger  because  the  effect  for  the  free  space  below 
the  slot  is  more  pronounced.  This  suggests  that  the  guide 
wavelength  »s  adjustable  by  two  means,  one  bv  changing 
the  strip  width  and  another  by  varying  the  slot  width 

VI  Com  u  nions 

We  presented  a  simple  method  foi  formulating  the 
eigenvalue  problems  foi  dispersion  characteristics  of  gen¬ 
eral  printed  transmission  lines.  The  method  is  intended  to 
save  considerable  analytical  labor  for  these  types  of  prob¬ 
lems.  In  addition,  the  method  provides  certain  unique 
features.  I  he  method  is  applied  to  the  problem  of  micro- 
strip- .dot  line  believed  useful  in  microwave-  and  millime¬ 
ter- wave  integrated  circuits  Numerical  results  are  also 
presented. 
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